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ABSTRACT 
The adaptive function of the brain is ensured by modifying the neuronal circuits that un-
derlie experience-dependent learning and memory processes. Neuronal plasticity is de-
termined by the correlation of functional changes and structural alterations of synapses or 
neurons itself. Modification of neuronal circuits is tightly controlled by extracellular signals 
maintaining the balance between excitation and inhibition. The neurotrophin BDNF has 
been implicated to regulate excitatory-inhibitory transmission of synaptic connections by 
modulating neuronal function as well as structure of glutamatergic and GABAergic neu-
rons. Perturbation of BDNF homeostasis evokes disorders in neuronal plasticity including 
deficits in spatial learning and memory storage. The current study was aimed at gaining 
more insights into the role of BDNF in modulating the neuronal structure and function as 
well as its role during spatial learning by either deprivation or activity-dependent increase 
of this neurotrophin. First, the molecular mechanism mediating BDNF function in glutama-
tergic and GABAergic neurons was addressed by examining changes in TrkB receptor 
activation upon a loss-of-function approach. Thereby it could be demonstrated that the 
activation of the neurotrophin receptor TrkB is impaired in inhibitory primary hippocampal 
neurons in absence of BDNF while excitatory neurons were not affected. Further, it could 
be demonstrated that neither BDNF nor NT-4, another neurotrophin known to activate 
TrkB, is required in regulating TrkB signalling in excitatory neurons. On the contrary, 
analysis of the molecular mechanism in excitatory hippocampal neurons suggests that 
TrkB signalling is activated by a neurotrophin-independent, zinc-induced Src family 
kinases-dependent transactivation mechanism. Morphological analysis of cbdnf knockout 
mice revealed that in contrast to excitatory pyramidal neurons dentate gyrus granule cells 
require BDNF for their postnatal growth whereby this is attributed by a BDNF-dependent 
activation of the TrkB receptor.  
Not only the loss of BDNF signalling results in severe deficits in neuronal plasticity but 
also its elevation can elicit negative consequences. Here, the Synaptotagmin IV (SytIV) 
knockout mouse was used as a gain-of-function approach for BDNF whereby loss of this 
trafficking protein results in enhanced exocytosis of BDNF containing dense core vesicles 
in response to neuronal activity. The elevated activity-dependent secretion of BDNF elicits 
a deficit in spatial learning and memory retention in the Morris Water Maze (MWM). No 
obvious alterations were found by the examination of the neuronal architecture and their 
dendritic spine density before and after training in the MWM. Analysis of the neuronal 
function revealed that activity-dependent increase of BDNF evoked by wheel running res-
cued a LTP deficit detected in sedentary SytIV knockout mice. The role of BDNF mediated 
by the TrkB receptor is extremely specific for distinct cell types and its disequilibrium could 
lead to an impaired neuronal plasticity provoking deficits in learning and memory. 
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ZUSAMMENFASSUNG 
Die adaptive Funktion des Gehirns wird sichergestellt durch Modifikationen neuronaler 
Netzwerke, die erfahrungsbedingten Lern- und Gedächtnisprozessen zugrunde liegen. 
Dies wird als neuronale Plastizität bezeichnet und ist bestimmt durch die Korrelation funk-
tioneller und struktureller Veränderungen von Synapsen bzw. Neuronen, die von extrazel-
lulären Signalen gesteuert werden und ein Gleichgewicht zwischen Erregung und Hem-
mung aufrechterhalten. Das Neurotrophin Brain-derived neurotrophic factor (BDNF) spielt 
eine bedeutende Rolle bei der Regulierung der exzitatorischen-inhibitorischen Signalüber-
tragung von Synapsen durch Modifizierung der neuronalen Funktion und Struktur von 
Glutamat- und GABAergen Neuronen. Störung der BDNF-Homöostase führt zu Verände-
rungen der neuronalen Plastizität mit Defiziten in Lern- und Gedächtnisvorgängen. Ziel 
dieser Studie war es, weitere Erkenntnisse zur Rolle von BDNF als Regulator neuronaler 
Strukturen und Funktionen zu gewinnen sowie in Lernprozessen die Auswirkungen eines 
Verlustes wie auch einer aktivitäts-abhängigen Erhöhung zu betrachten. Zunächst wurde 
der molekulare Mechanismus untersucht, der der Funktion von BDNF in Glutamat- und 
GABAergenen Neuronen zugrunde liegt. In beiden Zelltypen wurden Veränderungen in 
der Aktivierung des Neurotrophin-Rezeptors TrkB nach dem Verlust von BDNF betrachtet. 
In inhibitorischen hippokampalen Neuronen führte dieser Verlust zu einer Beeinträchti-
gung der Aktivierung des TrkB-Rezeptors. Exzitatorische Neurone waren hingegen nicht 
betroffen. Weder BDNF noch Neurotrophin-4 werden hier zur Aktivierung von TrkB benö-
tigt, da in diesen Neuronen TrkB von einem Neurotrophin-unabhängigen Mechanismus 
aktiviert werden kann, indem Zink die Aktivierung eines Src family kinases-abhängigen 
Transaktivierungsmechanismus vermittelt. Untersuchungen von cbdnf ko Mäusen zeigten, 
dass im Gegensatz zu exzitatorischen Pyramidenzellen, Körnerzellen des Gyrus dentatus 
BDNF-vermittelte Aktivierung von TrkB für ihre postnatale Entwicklung benötigen.  
Nicht nur der Verlust von BDNF führt zu ausgeprägten Defiziten in der neuronalen Plasti-
zität, auch die Erhöhung kann negative Auswirkungen hervorrufen. Synaptotagmin IV 
(SytIV) ko Mäuse dienten als Versuchsmodell, bei denen der Verlust dieses Proteins eine 
erhöhte, aktivitäts-abhängige Sekretion von BDNF auslöste. Diese erhöhte BDNF-
Sekretion führte zu Beeinträchtigungen im räumlichen Lernen und des Erinnerungsver-
mögens im Morris Water Maze (MWM). Die Untersuchung der neuronalen Struktur sowie 
die dendritische spine-Dichte zeigte keine Auffälligkeiten vor wie auch nach dem MWM. 
Analysen der neuronalen Funktion belegten, dass eine aktivitäts-abhängige Erhöhung von 
BDNF durch physische Laufrad-Aktivität ein LTP-Defizit in sitzenden SytIV ko Mäusen 
revidierte. Die Rolle von BDNF, vermittelt durch TrkB, ist spezifisch für bestimmte Zellty-
pen und ein Ungleichgewicht kann zu Beeinträchtigungen in der neuronalen Plastizität 
und damit zu Defiziten in Lern- und Gedächtnisprozessen führen.  
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1 INTRODUCTION 
Over millions of years ongoing evolutionary processes such as variation and selection led 
to the development and survival of versatile animal species. Moreover, these processes 
offer all creatures the opportunity to adapt to a constantly changing environment. The abil-
ity of adaptation is ensured by modifying the initial behaviour due to experience depend-
ent learning and storage of the attained information. The remarkable ability to acquire new 
skills and retain them over time in form of memory is one of the fundamental and fascinat-
ing features of mammalians (Kandel, 2001). In this context, the astonishing plasticity of 
the mammalian brain is very important for the processes of learning and memory, 
whereby neuronal circuit function can be modified. The synapse is the most common site 
for memory processes and is predicted as the functional unit of the brain mediating the 
communication of nerve cells (Kandel, 1992). The term "synapse" was firstly introduced 
by Charles Sherrington in 1897 and is describing a specific cellular structure in which one 
nerve cell gets into contact with its neighbouring cell (Cajal, 1893; Foster and Sherrington, 
1897). In detail, neuronal circuits are structurally defined by axons and dendrites which 
are connected by the synapse (Sheperd and Harris, 1998). A typical synapse is com-
posed of a presynaptic active zone containing synaptic vesicles, a well-defined synaptic 
cleft and a postsynaptic density (Colonnier, 1968; Harris and Tsao, 1992). These three 
components of the synapse enable neurons to communicate among each other via a 
process called synaptic transmission. Changes in the transmission efficacy at synapses 
have been considered to be involved in memory formation and storage. The experience-
induced cellular mechanisms of learning and memory include the formation of new syn-
apses, but also the biochemical modification and structural remodelling of existing ones. 
This activity-dependent functional and structural modulation of synapses termed synaptic 
plasticity elicits physiological changes which overall define interactions between an organ-
ism and its environment. Some of the most attractive molecular candidates promoting 
processes of synaptic plasticity during learning and memory are members of a family of 
secretory proteins - the neurotrophins. 
 
1.1 Synaptic plasticity 
Activity-dependent modifications at synapses are a powerful mechanism in the mammal-
ian brain to mediate the establishment of the mature neuronal circuit during development 
but also later, to control cognitive functions and sophisticated behaviours in the adult or-
ganism (Malenka and Bear, 2004; Bonhoeffer and Yuste, 2002). This astonishing proc-
esses are referred to as synaptic plasticity including both functional changes in synaptic 
transmission and structural changes at synapses. Its input-specificity is an interesting fea-
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ture indicating that both functional and structural modifications are elicited only at acti-
vated synapses and not at adjacent, inactive synapses on the same postsynaptic cell 
(Nicoll et al., 1988; Tanaka et al., 2008). The idea that neuronal circuits could be modified 
was firstly proposed in 1893 by Santiago Ramon y Cajal based on insights from his ana-
tomical studies on neural cells in the brain. In addition, it was postulated by Eugenio Tanzi 
(1893) that neuronal growth might be initiated by nervous function or exercise. His student 
Ernesto Lugaro (1898, 1909) further expanded Tanzi's hypothesis of functional modifiabil-
ity of synapses and connected it with Cajal's structural concept whereby he firstly related 
the term plasticity to synapse modifiability. In the late 1940s this notion was further devel-
oped by Donald O. Hebb who proposed that strengthening of synaptic connections arise 
by a simultaneous correlation of presynaptic action and postsynaptic firing (Hebb, 1949). 
A number of different forms of synaptic plasticity could be observed in all excitatory syn-
apses in the mammalian brain. Mostly described are the processes of short-term and 
long-term synaptic plasticity (long-term see section 1.1.2). 
 
1.1.1 Short-term synaptic plasticity 
Short-term plasticity elicits changes in synaptic efficacy however on a very short time 
scale ranging from milliseconds to minutes in contrary to long-term plasticity which can 
persist several hours or even days (for review see Zucker and Regehr, 2002; Fioravante 
and Regehr, 2011). It is believed that short-term synaptic plasticity is involved in proc-
esses such as the short-term adaptation to sensory input or transient modification of the 
behaviour to support the formation of short-lasting forms of memory. For the induction of 
most forms of short-term synaptic plasticity changes in calcium levels play a crucial role 
(Catterall and Few, 2008). Hence, evoked short-lasting plasticity by a short burst of activ-
ity results in a transient increase of calcium in the presynaptic nerve terminals that conse-
quently modifies the probability of neurotransmitter release and underlying biochemical 
processes of synaptic vesicle exocytosis (Katz and Miledi, 1968). Thus short-term synap-
tic plasticity also gives information on the presynaptic properties of synaptic contact. The 
bidirectional function of short-term synaptic plasticity is another interesting feature con-
cerning the modification of synaptic efficacy that could be either depressed or enhanced 
for hundreds of milliseconds. Indeed, most synapses show a process which is called 
paired pulse facilitation (PPF) described by an enhancement in the excitatory postsynaptic 
response of the second of two rapid consecutively delivered stimuli. A general explanation 
of PPF implies that residual intraterminal calcium, elicited in response to the first stimulus, 
is able to favour the probability that neurotransmitters are released, evoked by the second 
stimulus. Moreover, synapses are also able to exhibit paired pulse depression (PPD) re-
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sulting in a weakening in the amplitude of the second EPSP (Zucker and Regehr, 2002; 
Regehr, 2012). Commonly PPD could be observed at relatively short interstimulus inter-
vals (ISI, >20 ms) whereas longer ISIs (20-500ms) result at most synapses in PPF (De-
banne et al., 1996; Mochida et al., 2008). A longer-lasting form of plasticity could be ob-
served by repetitive or tetanic stimulation of synapses that in turn elicit a several minutes 
persisting enhanced neurotransmitter release at presynaptic terminals and is described as 
post-tetanic potentiation (PTP) (Hughes 1958; Magleby and Zengel 1975; Zucker and 
Lara-Estrella 1983; Zucker and Regehr 2002). Importantly the described forms of short-
term synaptic plasticity are NMDA receptor independent. 
 
1.1.2 Long-term synaptic plasticity - functional and structural modifications  
The first experimental evidence of long-lasting activity-dependent changes in synaptic 
efficacy was reported by Bliss and colleagues (Bliss and Gardner-Medwin, 1973; Bliss 
and Lomo, 1973). They observed a potentiation of synaptic strength after repetitive activa-
tion of excitatory synapses in the CA1 region of the hippocampus. This activity-dependent 
phenomenon was termed long-term potentiation (LTP) and could last for hours or even 
days. The observed LTP at excitatory synapses on hippocampal CA1 pyramidal neurons 
has been most extensively studied. It is considered the prototypic form of synaptic plastic-
ity that follows the rules of the Hebbian theory. Nevertheless, the so-called Schaffer col-
lateral LTP described by Bliss and Lomo is only one of several different forms of long-term 
synaptic plasticity. Excitatory synapses of the same pathway also exhibit activity-
dependent weakening of synaptic efficacy which was termed long-term depression (LTD) 
(Dudek and Bear, 1992). Indeed, the existence of a bidirectional activity-dependent altera-
tion of synaptic efficacy at excitatory synapses based on its activation patterns is a key 
concept of synaptic plasticity (Dudek and Bear, 1993; Heynen et al., 1996; Malenka and 
Bear, 2004). 
The molecular mechanism underlying excitatory synaptic function and long-term synaptic 
plasticity such as LTP and LTD rely on two types of ionotropic glutamate receptors: a-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and N-methyl-D-aspartate 
(NMDA) receptors. Both contribute to the postsynaptic response at glutamatergic syn-
apses. High-frequency tetanic stimulation causes the influx of monovalent cations like Na+ 
and K+ through AMPA receptors into the postsynapse and elicits its depolarisation. NMDA 
receptors are initially blocked under resting membrane potential by extracellular magne-
sium (Mayer et al., 1984; Nowak et al., 1984). However, strong postsynaptic depolarisa-
tion contributes to the dissociation of magnesium and the activation of NMDA receptors 
which in turn become permeable for extracellular calcium. Interestingly, LTD also depends 
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upon NMDA receptor dependent increase in the postsynaptic calcium concentration. It is 
supposed that differences in postsynaptic calcium concentration within dendritic spines 
dictate whether LTP or LTD is triggered. LTD requires a modest increase in calcium 
(Cummings et al., 1996) while LTP is induced by a robust but short influx of it (Bliss and 
Lomo, 1973). If the enhanced postsynaptic calcium concentration reaches the critical 
threshold necessary for the induction of LTP, intracellular signalling cascades involving 
protein kinases, most importantly CamKII and retrograde messengers are activated 
(Malenka, 1991; Malenka and Nicoll, 1993). Triggering LTD involves the activation of cal-
cium-dependent protein phosphatases. The activation of these mechanisms leads to ac-
tivity-dependent changes in the AMPA receptor trafficking. LTP promotes an enhanced 
incorporation of these receptors within the postsynaptic density (PSD) (Bredt and Nicoll, 
2003; Derkach et al., 2007; Malenka and Nicoll, 1999; Malinow and Malenka, 2002; Song 
and Huganir, 2002) whereas LTD has the opposite effect as AMPA receptors dissociate 
from their molecular scaffolds at the PSD (Bredt and Nicoll, 2003; Collingridge et al., 
2004; Derkach et al., 2007; Malenka and Bear, 2004). 
In the early phase of LTP, potentiation of synaptic strength persists only a few hours and 
is supposed to be independent of protein synthesis. The long-lasting persistence of an 
increase in synaptic efficacy that lasts for more than 2 hours to even days requires local 
dendritic protein synthesis as well as de novo transcription to provide the synapses with 
critical proteins needed to maintain their synaptic strength (Reymann and Frey, 2007; 
Abraham and Williams, 2008). Signalling to the nucleus is most likely mediated by the 
activation of protein kinases including PKA, CamKIV and ERK-MAPK, thereby activating 
key transcription factors like CREB and immediate-early genes like c-Fos (Thomas and 
Huganir, 2004). 
In parallel it has been reported that functional changes at synapses (LTP) are accompa-
nied by structural changes including appearance of new spines, enlargement of pre-
existing spines as well as enlargement of the PSD due to increased insertion of AMPA 
receptors (Yuste and Bonhoeffer, 2001; Abraham and Williams, 2003; Matsuzaki et al., 
2004). Modifications at synaptic connections in the mature brain are supposed to be 
evoked by de novo growth and retraction of axonal boutons and dendritic spines (Maletic-
Savatic et al., 1999; Toni et al., 1999; Nagerl et al., 2004). However, large-scale remodel-
ling of dendritic and axonal arbours could not be observed during this processes (De 
Paola et al., 2006; Majewska et al., 2006; Lee et al., 2009; Chow et al., 2009). Long-term 
imaging experiments revealed that the synapse turnover decreases in the adult in com-
parison to the developing brain (Trachtenberg et al., 2002; Grutzendler et al., 2002). In 
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addition, the turnover rate of axonal boutons as well as dendritic spines is supposed to be 
cell-type and brain region specific (Holtmaat et al., 2005). 
Regarding dendritic spines electron-microscopic reconstruction revealed that they are 
extremely diverse in size and shape. For instance, the volume of spines ranges from 
0.001 to 1 µm. In addition three major spine subtypes have been reported including thin 
filopodia like protrusion (thin spines), stubby spines described as short spines without a 
well-defined neck and spines with a large bulbous head termed mushroom spines (Peters 
and Kaiserman-Abramof, 1970; Harris and Kater, 1994). Several studies have examined 
rapid changes in the spine head volume also called spine head motility. Measurements of 
the spine head motility have revealed that activity-dependent increase of the spine head is 
tightly correlated with enhanced synaptic strength and is therefore an excellent indicator of 
developmental as well as activity-dependent synaptic plasticity (Dunaevsky et al., 1999; 
Majewska et al., 2003; Konur et al., 2003). Indeed, the activity-dependent enlargement of 
the spine head is predicted to be proportional to the size of the PSD and the number of 
inserted AMPA receptors. Dendritic spines are able to undergo rapid morphological 
changes due to the constant rearrangement of actin cytoskeleton (Fischer et al., 1998). 
Consistent with this, induction and maintenance of LTP depend on the dynamic of actin 
filaments within dendritic spines (Krucker et al., 2000; Okamoto et al., 2004; Kramer et al., 
2006). The increased formation of dendritic spines and synapses as a result of spatial 
learning tasks encourages the idea that the combination of both structural and functional 
synaptic plasticity is an essential element for learning and memory (Moser et al., 1994; 
Hickmott et al., 2005). 
 
1.2 Learning and memory formation  
Learning and memory are fascinating mental processes of vertebrates and higher inverte-
brates. In general this is defined as the ability to acquire new features and retain them 
over time in form of memory, evoked by experience-dependent processes including func-
tional changes in synaptic strength and followed by structural modifications of synapses or 
the whole neurons (Bliss and Collingridge, 1993; Holtmaat and Svoboda, 2009; Kandel, 
2001; Xu et al., 2009; Yang et al., 2009a). Several prior behavioural studies, among other 
also on brain-injured patients, revealed that memory is not a single process of the mind 
but can be rather categorised in compliance with the type of information and how long it is 
stored (Polster et al., 1991; Squire and Zola-Morgan, 1991).  
The declarative memory is notably well developed in the vertebrate brain and is essential 
for the storage of learned facts and events that can consciously be recalled (Scoville and 
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Milner 1957; Squire 1992; Schacter and Tulving 1994). On the contrary, procedural (non-
declarative) memory is the unconscious memory for perceptual and motor skills (Klein, 
1957; Warrington and Weiskrantz, 1974) that is also evident in invertebrates and in plain-
est cases simple reflex pathways are used (Kandel and Tauc, 1963; Willows and Hoyle, 
1969). The most popular case demonstrating the separation of both systems comes from 
the report of Scoville and Milner (1957) describing the case of Henry M. A surgery remov-
ing the medial temporal lobe (MTL) alleviate him from epileptic seizures but led to detri-
mental impairments in the declarative memory, but not the procedural. The in-depth 
analysis of this brain surgery and the sorts of amnesia delivered informative insights of 
how certain regions of the brain are linked to specific processes in memory formation. As 
shown in the case of Henry M. who exhibit an intact short-term memory lasting only min-
utes but he was unable to create new long-term declarative memories lasting for few days 
or many years (Scoville and Milner, 1957; Bahrick et al., 1975). The temporal distinction 
between short- and long-term memory is correlated with specific forms of synaptic plastic-
ity and underlying molecular mechanisms. Covalent modification of pre-existing proteins 
by protein kinases such as PKA and MAPK, initiated by alterations in the efficacy of syn-
aptic connections, is essential for short-term memory. The long-term form of memory 
storage requires additionally increased gene expression mediated by CREB followed by 
de novo synthesis of plasticity related mRNAs and proteins. This increased gene expres-
sion results in structural modification (Bailey et al., 1996; reviewed in Mayford et al., 2012) 
reflected by remodelling of pre-existing synapses and formation of new synapses 
(Greenough and Bailey, 1988; Bailey and Kandel, 1993; Yuste and Bonhoeffer, 2001; 
Bailey et al., 2004; Lamprecht and LeDoux, 2004). Regarding the significance of learning-
related structural changes of synapses also the functional aspect to which extent the 
changes in the efficacy of that synaptic connections lead to specific structural alterations 
and vice versa should not be disregarded. Indeed, previous reports of activity-evoked 
structural remodelling as well as growth of dendritic spines in the hippocampus suggested 
that activity-dependent strengthening of the synaptic efficacy reflected by LTP is tightly 
correlated with memory formation (Martin et al., 2000; Morris, 2006; Yang et al., 2009; Fu 
et al., 2012). Circuit changes in the adult brain moderated by structural plasticity and ac-
companied by elimination or formation of dendritic spines or axonal boutons are consid-
ered to be aspects of long-term memory formation. The structural realignments permit 
more variability and hence a higher number of potential circuits can be generated. As a 
consequence a larger memory capacity per synapse is reached (Bailey and Kandel, 1993; 
Chklovskii, Mel and Svoboda, 2004). 
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1.2.1 Hippocampus - crucial for learning and memory processes 
The hippocampus is the most studied brain area in the context of learning and memory, 
particularly in declarative memory as a multimodal integrator and cartographer (Alvarez 
and Squire, 1994; O’Keefe and Nadel, 1978). It is thought to be involved in the transition 
from short to long-term memory (Alvarez et al., 1994). There is strong evidence for a con-
tribution of the hippocampal formation in the acquisition and retrieval of episodic and spa-
tial memories (Burgess et al., 2002; Eichenbaum, 2004; Squire et al., 2004; Whitlock et 
al., 2006; van Strien et al., 2009). Structurally the hippocampus is divided into two major 
interlocking subfields: the fascia dentata (dentate gyrus) and the hippocampus proper 
(cornus ammonis (CA). The hippocampus proper is further subdivided into the four fields: 
CA1, CA2, CA3 und CA4 (Lorente de No, 1934). The hippocampus itself forms a part of 
the hippocampal formation consisting of the two mentioned structures dentate gyrus and 
hippocampus proper but also the subiculum, fimbria and fornix (for review see Falougy 
and Benuska, 2006). The unique function of the hippocampus in memory is supposed to 
be mediated by a tri-synaptic circuit that is reciprocally connected with the entorhinal cor-
tex (EC) (Andersen et al., 1971). The relay of synaptic transmission involves three main 
regions within the hippocampus. However, the first station of this unidirectional information 
processing circuit are layer II cells of the EC which project their axons as a perforant path 
to the granule cell layer of the dentate gyrus (Lorente de No, 1934; Ramón y Cajal, 1995). 
Then the information passes the mossy fibers which innervate the dendritic compartment 
of CA3 pyramidal neurons. Thereafter, it reaches the pyramidal neurons of the CA1 region 
which receives their input via the Schaffer collaterals, axonal bundles from CA3 pyramidal 
neurons (Amaral and Witter, 1989), thereby completing the hippocampal tri-synaptic cir-
cuit. The hippocampal output targets again the EC via the subiculum.  
 
10 | INTRODUCTION 
 
 
Figure 1-1. Schematic illustration of a transversal section of a mouse hippocampus and related 
cortical regions representing the wiring of the hippocampus in the tri-synaptic circuit (adjusted from 
Neves et al., 2008). A, Sensory input from entorhinal cortical layer II neurons is carried along the 
medial and lateral perforant path to the dentate gyrus where excitatory synaptic contacts are made 
with dendrites of dentate granule cells. The signals are further transferred from the dentate gran-
ules via the mossy fibers to proximal apical dendrites of CA3 pyramidal neurons which in turn pro-
ject to CA1 pyramidal cells through the Schaffer collaterals and CA1 hippocampal output targets 
again the enthorinal cortex. B, Simplified wiring diagram of the synaptic circuits projecting from 
different entrohinal cortical layers to the hippocampus as well as to the tri-synaptic circuits within 
the hippocampus. PP perforant path. 
 
The ability of the mammalian brain to adapt or modify synaptic connections due to experi-
ence or environmental dependent changes and retain them over time is the result of both 
short-term as well as long-term synaptic plasticity. An attractive candidate thought to par-
ticipate in these processes is a member of the neurotrophin family, the brain-derived neu-
rotrophic factor.  
 
1.3 Brain-derived neurotrophic factor (BDNF) 
Neurotrophins are a family of secreted proteins that have emerged as important regulators 
of neural survival, development, function, and plasticity (for reviews, see Korsching 1993; 
Eide et al., 1993; Segal and Greenberg 1996; Lewin and Barde 1996; Reichardt and Fari-
ñas 1997; McAllister et al., 1999). The discovery in the early 1950s of the first neurotro-
phin, the Nerve growth factor (NGF) was considered to be a milestone in the research 
about molecular guidance cues. Hereby, the importance of cellular interactions during 
development could be demonstrated (Cohen et al., 1954; Levi-Montalcini, 1987). A further 
hallmark was set by the hypothesis by Hans Thoenen, postulating the role of neurotro-
phins as important regulators of activity-dependent synaptic plasticity (Thoenen, 1991; 
Zafra et al., 1990). Indeed, growing evidence that neurotrophins play a crucial role for 
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various aspects of structural and functional plasticity accumulated over the years (reviews 
(Chao, 2003; Huang and Reichardt, 2001; McAllister et al., 1999). The brain-derived neu-
rotrophic factor (BDNF) is the most extensively studied member of the neurotrohpin fam-
ily. It stands out among all neurotrophins through its instructive role in processes involving 
activity-dependent functional as well as structural synaptic plasticity (for review see Lu 
and Crow, 1999; Poo,2001; Pang and Lu, 2004). BDNF was identified as a second mem-
ber of the neurotrohpin family and shares a close structural homology with NGF (Barde et 
al., 1982; Leibrock et al., 1989). The structural organisation and the expression pattern of 
the bdnf gene (AY057907) are complex. The BDNF gene consists of eight different exons 
whereby only exon IX is a protein coding one (Aid et al., 2007). In general BDNF expres-
sion is relatively low during prenatal development, but increases remarkably after birth 
(Maisonpierre et al., 1990). The highest expression is reported around the third postnatal 
week (p21) showing a 10-fold increase in the cerebral cortex and in the hippocampus 
compared to the levels at birth (Kolbeck et al., 1999). Several previous studies demon-
strated that the expression of BDNF is regulated by neuronal activity in vitro and in vivo 
(Castren et al., 1992; Lauterborn et al., 1996; Ghosh et al., 1994, 1995). Here the expres-
sion of BDNF is contributed by the activation of the transcription factor cAMP response 
element binding protein (CREB) caused by a activity-evoked depolarisation of the neuron 
accompanied by an influx of intracellular calcium which in turn initiating intracellular signal-
ling cascades that activates transcription factors within the nucleus (Bito et al., 1996; 
Shieh and Ghosh, 1999; West et al., 2001).  
The expression of BDNF mRNA seems to be widely distributed throughout the CNS with 
the highest expression in the adult hippocampus, particularly in granule cells of the den-
tate gyrus. However, in situ hybridisation experiments revealed that some structures of the 
CNS, including the striatum and the spinal cord, express only low amounts of BDNF 
mRNA (Hofer et al., 1990; Ernfors et al., 1990; Friedman et al., 1991; Guthrie and Gall, 
1991; Gall et al., 1992; Castren et al., 1995). The expression of BDNF protein is similar to 
the distribution of BDNF mRNA (Nawa et al., 1995). On the other hand, while BDNF 
mRNA is virtually absent within the striatum as well as the spinal cord substantial levels of 
BDNF protein were detected (Schmidt-Kastner et al., 1996; Kolbeck et al., 1999; Spires et 
al., 2004; Gharami et al., 2008) due to its anterograde transport from the cerebral cortex 
or thalamus (Altar et al., 1997; Baquet et al., 2004). Interestingly, BDNF is also expressed 
within peripheral organs (Maisonpierre et al., 1990) such as the heart, lung, muscle, kid-
ney, liver, testis or spleen promoting the relay of sensory information (Liu et al., 2006; 
Erickson et al., 1996). 
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Similarly to all members of the neurotrophin family the initial synthesis of BDNF results in 
the precursor transcript pre-proBDNF. The pre-sequence functions as initial starting motif 
for the translation process and is cleaved in the endoplasmic reticulum. The resulting pre-
cursor protein proBDNF (32 kDa) is further processed into the mature protein (14 kDa) by 
the proteolytical cleavage of the pro-sequence (Seidaha et al., 1996). It has been shown 
that proBDNF is processed intracellularly by endoproteases such as furin or pro-
convertases (Mowla et al., 1999), being secreted as mature BDNF or extracelluarly, after 
the secretion of proBDNF through proteases like matrix-metalloproteinases and plasmin 
(Bibel and Barde, 2000; Lee et al., 2001; Chao, 2003; Nagappan et al., 2009). Whether or 
to what extent proBDNF is secreted as well as what is its physiological function is still con-
troversial (Dieni et al., 2012; Matsumoto et al., 2008; Yang et al., 2009b). Several reports 
suggest that hippocampal neurons release mostly BDNF in its precursor pro-form that is 
extracellularly converted (Bergami et al., 2008; Yang et al., 2009b) into the biologically 
active mature one (Mowla et al., 2001; Pang et al., 2004; Woo et al., 2005). On the con-
trary Matsumoto et al., (2008) reported that proBDNF is only a transient biosynthetic in-
termediate that is rapidly converted intracellularly in its mature form in cultured hippocam-
pal neurons.  
Interestingly it has been shown that the release of both mature BDNF (Ernfors et al., 
1991; Zafra et al.,1990; reviewed in Thoenen 1991, 1995) and its pro-form (Mowla et al., 
2001; Yang et al., 2009) are activity-dependent. It is thought that the activity-regulated 
secretion of BDNF is triggered by excitatory neurotransmitter like glutamate or acetylcho-
line evoked by release of calcium from intracellular stores (Blöchl and Thoenen, 1995, 
1996; Canossa et al., 1997; 2002; Griesbeck et al., 1999). In addition it could be demon-
strated that the amount of BDNF released in response to neuronal activity depends on the 
stimulus pattern (Balkowiec and Katz, 2002). In addition intracellular localisation of BDNF 
is supposed to be predominantly in the somatodendritic compartment of the neurons. 
However similar to the release of BDNF, neuronal activity induces also the transport of 
BDNF mRNA and protein to dendrites as well near dendritic spines where local translation 
of BDNF mRNA takes place (reviewed in Tongiorgi et al., 1997; Tongiorgi, 2008). It is 
taken into consideration that these mechanisms are responsible for the ability of locally 
translated BDNF to regulate synaptic transmission and synaptogenesis (reviewed in Lu 
and Figurov, 1997). 
 
1.3.1 Activity-dependent secretion of BDNF 
The mechanisms promoting the exocytosis of BDNF and which proteins take part in this 
process are relatively unknown so far. It is suggested that the trafficking protein Synapto-
INTRODUCTION 13 
 
tagmin IV (SytIV) and the scaffolding protein Bassoon (Bsn) are involved in regulating the 
secretion of BDNF containing dense core vesicles. Lack of either SytIV or Bsn results in a 
dysregulation of underlying mechanisms promoting the release of BDNF what in turn 
leads in both cases to an elevation of BDNF.  
 
1.3.1.1 Synaptotagmin IV and its impact on BDNF secretion 
Synaptotagmins are a large family of membrane trafficking proteins (Perin, et al., 1991; 
Ferguson et al., 1999) known to be involved in synaptic neurotransmission as calcium-
dependent regulators of exocytotic fusion and as part of the endocytotic vesicle retrieval 
apparatus (Littleton et al., 1993; Nonet et al., 1993; Jorgensen et al., 1995). Many of the 
highly evolutionary conserved 17 family members regulate stimulus-evoked exocytosis of 
secretory vesicles via calcium-dependent binding of phospholipids in the plasma mem-
brane and interact with soluble NFS attachment protein receptors (SNARE) (Südhof, 
1995, 2004; Fukuda, 2006 Chapman, 2008). However, its function in binding phospholip-
ids and SNARE proteins vary among the different isoforms due to their distinct sensitivity 
to calcium. Some of the Synaptotagmin (Syt) isoforms do not act as calcium sensors (Hui 
et al., 2005; Bhalla et al., 2005). One of these isoforms is Synaptotagmin IV (SytlV) which 
has no calcium sensitivity due to a serine to aspartate substitution in the calcium binding 
motif of the C2A domain (Li et al., 1995; von Poser et al., 1997; Nalefski et al., 1996). 
Synaptotagmin IV is identified in the mouse brain and in PC12 cells as an immediate early 
gene that is upregulated by depolarisation events (Vician et al., 1995). The highest levels 
of this protein are found in the hippocampus, cortex and cerebellum where the highest 
protein expression is detected in the first week of postnatal development (Berton et al. 
1997; Ibata et al., 2000). Nevertheless, there are some discrepancies in the literature re-
garding the different functions of SytlV. On the one hand SytIV has been reported to have 
a positive regulatory function for instance in maturation processes of secretory vesicles in 
PC12 cells (Ahras et al., 2006) and in glutamate release from astrocytes (Zhang et al., 
2004). On the other hand evidence has also been found for a negative regulatory function 
of SytIV in calcium dependent exocytosis. In this context a recent study could show that 
SytIV is incorporated in BDNF containing secretory vesicles in mouse hippocampal neu-
rons where it negatively regulates the secretion of this neurotrophin (Wong et al., 2015). 
Interestingly, loss of SytIV exhibits elevated BDNF secretion and enhanced long-term po-
tentiation in vitro (Dean et al., 2009). Constitutive SytIV null mutant mice exhibit deficits in 
hippocampus-dependent memory indicated by an impaired freezing behaviour in the con-
textual fear conditioning (Ferguson et al., 2000). These mutant animals also showed defi-
cits in motor coordination during executing the accelerated rotarod performance test (Fer-
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guson et al., 2000). Thus the results reported so far indicate a notable role of SytIV in the 
modulation of synaptic function and memory formation probably caused by a restrictive 
release of the neurotrophin BDNF (Dean et al., 2009; Ferguson et al., 2000, 2004). How-
ever, the correlation between the regulatory function of SytIV in vesicles exocytosis and its 
role in memory function remain unclear.  
 
1.3.1.2 Bassoon  
Bassoon (Bsn) is a large (400 kDa) scaffolding protein of the presynaptic cytomatrix at the 
active zone (CAZ) of both inhibitory and excitatory synapses (tom Dieck et al., 1998; 
Wang et al., 1999; Fejtova and Gundelfinger, 2006). The CAZ is a specific region of the 
presynaptic terminals which builds a scaffold for multiple membrane trafficking processes 
and it is thought to organise neurotransmitter release (Dresbach et al., 2001, Gundelfinger 
and Fejtova, 2012). It was also reported that Bassoon plays an essential role in the regu-
lation of neurotransmitter release in a subset of glutamatergic synapses (Altrock et al., 
2003). Deprivation of Bassoon revealed no morphological abnormalities in the synaptic 
ultra-structure, however functional analysis exhibit a reduced synaptic transmission at 
synapses, probably due to reduced synaptic fatigue and silencing of a subset of excitatory 
synapses (Altrock et al., 2003; Hallermann et al. 2010). As a consequence animals lack-
ing the presynaptic protein Bsn suffer from spontaneous epileptic seizures which might be 
attributed to a general imbalance in inhibitory and excitatory transmission (Altrock et al. 
2003; Ghiglieri et al. 2010). Accompanied by the altered neuronal activity and epileptic 
phenotype Bsn mutant mice displayed abnormal enlargement of the forebrain structure, 
particularly an increased brain size of the cerebral cortex and the hippocampus (Angen-
stein et al., 2007, 2008). Detailed analysis displayed an increased amount of neurons and 
astrocytes in the hippocampus. In addition to the enhanced neurogenesis lack of Bsn also 
revealed a reduced number of apoptotic events (Heyden et al., 2011). Interestingly, in Bsn 
mutant mice an increased concentration of the neurotrophic factor BDNF was found in the 
hippocampus (Heyden et al., 2011) with a high amount of presynaptic BDNF stored in 
mossy fiber buttons (Dieni et al., 2012), accompanied by a dysregulated neurogenesis 
and apoptosis. This increased BDNF concentration is associated with alterations in the 
distribution of neuropeptides and in the expression of structural markers which are impor-
tant for synaptic plasticity but also for morphological changes at the mossy fiber-CA3 syn-
apse and microglia. All these changes lead to an imbalance in the neuronal network activ-
ity and synaptic function in the Bsn mutant mice (Dieni et al., 2015). These results indicate 
that Bsn probably affects the release of BDNF-containing dense core vesicles.  
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1.3.2 Neurotrophin-dependent activation of the TrkB receptor 
The cellular actions and synaptic effects elicited by BDNF are attributed to its binding to 
two different classes of transmembrane receptors, the tropomyosin related kinase recep-
tor B (TrkB) and the p75 neurotrophin receptor (p75NTR) (Glass et al., 1991; Klein et al., 
1991; Soppet et al., 1991; Lessmann et al., 2003; Kaplan and Miller, 2000). BDNF specifi-
cally binds to the TrkB receptor but also Neurotrophin-4 (NT-4) was shown to bind to this 
receptor. Unlike the binding to the TrkB receptor the interaction with the p75NTR receptor is 
non-selective showing an equal affinity for all neurotrophins. In addition, it has been 
shown that the BDNF precursor proBDNF preferentially interacts with the pan-
neurotrophin receptor p75NTR with distinct functional consequences including induction of 
apoptotic processes or negative regulation of synaptic plasticity (Teng et al., 2005; re-
viewed in Lee et al., 2001; Lu, 2003).  
Generally, BDNF as well as NT-4 exert their neurotrophic activity by forming a homodimer 
(Jungbluth et al., 1994; Kolbeck et al., 1999; Robinson et al., 1999) and activating the 
TrkB signalling via its binding to the extracellular IgG domain of the TrkB receptor. This in 
turn provokes the dimerisation of TrkB receptor mediating its autophosphorylation at tyro-
sine residues (Y515, Y706/707, Y816) by the activation of its intrinsic tyrosine kinases 
(Middlemas et al., 1994). The phosphorylated intracellular cytoplasmatic tail of the TrkB 
receptor acts as docking site for adapter molecules which in turn activate three major 
downstream signalling cascades involving the extracellular signal-regulated kinases 
(ERK), - member of the mitogen-activated protein kinase (MAPK) family -, phosphatidy-
linositol 3-kinase (PI3K) and phospholipase Cγ (PLCγ) pathway (reviewed in Segal and 
Greenberg, 1996; Segal, 2003). While the activation of the MAPK and PI3K signalling 
cascade supports neuronal growth, survival and differentiation, the PLCγ pathway is di-
rectly implicated in the neuronal calcium signalling and mediates the activation of cal-
cium/calmodulin dependent protein kinases (CamKII, CaMKK and CaMKIV) (Reichardt, 
2006). BDNF-TrkB signalling is involved in a variety of activity-dependent processes in-
cluding functional and structural synaptic plasticity. Here, the evoked elevation of intracel-
lular calcium belongs to one of the most important biochemical results of BDNF signalling 
in the postsynaptic cell (Bibel, 2000; Blum and Konnerth, 2005; Minichiello et al., 2009). 
The rise in intracellular calcium is supposed to regulate local translation of mRNAs directly 
at the postsynapse which in turn facilitates a rapid and precise expression of activity-
induced proteins, like BDNF at activated synapses (Wu et al., 1998; Aakalu et al., 2001). 
In addition, BDNF signalling is also crucial in regulating protein synthesis through CamKII 
elicited activation of the transcription factor CREB (for reviews see Gottmann et al., 2009; 
Park and Poo, 2012; Zagrebelsky and Korte, 2013). Interestingly, CREB is able to bind to 
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regulatory elements of the bdnf gene and promotes its transcription. (reviewed in West et 
al., 2002). Thus, BDNF can indirectly regulate its own production by activation of the 
CaMKII signalling cascade. 
 
1.3.3 TrkB receptor activation by a neurotrophin-independent transactivation 
mechanism 
Unlike the common knowledge that Trk receptors can be activated solely by neurotrophins 
there is evidence indicating their neurotrophin-independent activation. The first evidence 
comes from the observation that the activation of TrkB receptor is not prevented by nei-
ther a null mutation of NT-4 nor a deletion of both TrkB ligands during epileptogenesis (He 
et al., 2004, 2006). Further evidence is provided by studies of Lee et al. showing in vitro 
that Trk signalling can happen independently of direct ligand binding through transactiva-
tion by G protein-coupled receptor (GPCR) ligands such as adenosine or the neuropep-
tide PACAP (pituitary adenylate cyclase-activating polypeptide) (Lee and Chao, 2001; Lee 
et al., 2002). Transactivation describes a mechanism that refers to a ligand-independent 
indirect activation of receptor signalling. The transactivation of TrkB receptors via GPCR 
signalling results in a selective activation of the PI3K/Akt pathway (Takei et al., 1998; re-
viewed in Nagappan et al., 2008). This mechanism might depend upon calcium mobilisa-
tion and appears to require the Src family kinases (SFK) activity. Indeed, both PACAP and 
adenosine-induced phosphorylation of Trk receptors is inhibited by the application of SFK 
specific inhibitor PP1 (Lee and Chao, 2001; Lee et al., 2002). Members of SFK are proba-
bly involved in modulating the catalytic activity of Trk receptors or might play a role in its 
internalisation and trafficking process (Lee et al., 2002). Interestingly, Trk receptor activa-
tion is prevented by an intracellular calcium chelator but is not affected by an extracellular 
one (Lee et al., 2002). This observation indicates that transactivation of TrkB receptors by 
GPCR ligands occurs on the intracellular membrane and not at the cell surface (Rajagopal 
et al., 2004). The influence of both GPCR ligands PACAP and adenosine is prevented by 
a treatment with a Trk tyrosine kinase inhibitor (K252a) (Rajagopal et al., 2004). Different 
from the biological mechanism of action of other tyrosine kinase receptors, GPCR ligands 
evoked Trk receptor signalling leads to neuroprotective functions including elevated cell 
survival (Takei et al., 1998). However, this mechanism follows a relatively slow time 
course of activation and requires at least 90 min after addition of an adenosine analogue 
or PACAP to cultured neurons (Lee et al., 2002). The signalling mechanisms by which the 
Trk receptor is transactivated by GPCR ligands is so far not well understood. In addition, it 
is unclear whether endogenous GPCR ligands are able to promote Trk receptors signal-
ling. Experiments previously reported are based on in vitro data. The physiological impor-
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tance of the Trk receptor transactivation in the brain in vivo has been difficult to assess. 
However Huang et al., (2008) discovered in their study on hippocampal acute slices that 
the divalent cation zinc is able to transactivate the TrkB receptor in the CA3 region of the 
hippocampus in response to neuronal activity by a SFK-dependent mechanism. In addi-
tion, they showed that this zinc-mediated transactivation is involved in the regulation of 
LTP at mossy fiber (MF) - CA3 synapses (Huang et al., 2008). Further evidence supports 
a possible role of zinc in mediating the transactivation of the TrkB receptor. Indeed, the 
highest zinc concentration is found in the hippocampus at mossy fiber axonal boutons 
(Frederickson and Danscher, 1990) where likewise the first ligand-independent, epilepto-
genesis-induced activation of TrkB was observed (Binder et al., 1999; He et al., 2002, 
2004). Zinc is localised in glutamate containing synaptic vesicles and released by in an 
activity-dependent manner. Furthermore, zinc is an important cation affecting a diversity of 
ion channels and their receptors (Frederickson et al., 2005). In addition, previous studies 
exposed the role of zinc in supporting the extracellular cleavage of proBDNF to mature 
BDNF through metalloproteinases thereby indirectly increasing TrkB receptor activity 
(Hwang et al., 2005, 2007). 
  
18 | INTRODUCTION 
 
 
Figure 1-2. Schematic illustration of TrkB receptor activation by neurotrophin-dependent and -
independent mechanisms (adapted from Nagappan et al., 2008). The classical scenario of TrkB 
receptor activation implicates neurotrophin (BDNF or NT-4; green) binding to the TrkB, provoking 
receptor dimerisation followed by autophosphorylation of tyrosine residues (Y515, Y706/707, Y816) 
which in turn activates downstream signalling pathways like ERK/MAPK, PI3K and PLCγ. Con-
versely, the TrkB receptor can be transactivated indirectly by GPCR ligands (adenosine or PACAP) 
via Src kinases evoking only the activation of the PI3K and PLCγ pathway (blue). Another identified 
transactivation mechanism is mediated by zinc (black). Zinc is released from glutamate containing 
synaptic vesicles evoked by neuronal activity and enters the postsynaptic cell via VDCC or 
NMDAR. Within the postsynaptic cell zinc mediates indirectly the activation of SFK by inhibition of 
Csk activity. Activation of SFK elicits the phosphorylation of tyrosine residues Y705/Y706 of the 
TrkB receptor triggering full-receptor activation and finally activation of downstream signalling cas-
cades (ERK/MAPK, PI3K, PLCγ).  
 
Zinc has been described to be released from the presynapse in response to neuronal ac-
tivity and it enters the postsynastic cell through glutamate receptors (NMDA and 
AMPA/kainate) and voltage-dependent calcium channels (VDCC) (Martinez-Galan et al., 
2003). Within the dendritic spine zinc indirectly activates SFK through dephosphorylation 
of C-terminal inhibitory tyrosine residue Tyr-527 preventing C-terminal Src kinase (Csk) 
activity (Huang and McNamara, 2010). The activation of SFKs leads to the phosphoryla-
tion of tyrosine residues Y705/Y706 of the TrkB receptor providing the subsequent phos-
phorylation of other tyrosine residues including Y515 and Y816. Full activation of the TrkB 
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receptor in turn triggers the activation of downstream signalling cascades like ERK / 
MAPK, PI3K and PLCγ (Huang et al., 2008; Huang and McNamara, 2010). 
 
1.3.4 Role of BDNF in activity-dependent synaptic plasticity and memory 
In addition to the effect of BDNF on neuronal survival, neurite outgrowth and differentia-
tion, BDNF is also a prominent candidate for promoting short-term synaptic function and 
long-term activity-dependent synaptic plasticity by modulating functional synaptic proper-
ties and converting them into structural changes (Korte et al.,1998; Li et al. ,1998; Ruther-
ford et al., 1998; Kafitz et al., 1999; McAllister et al., 1999; Poo, 2001; Lu et al., 2005; 
Gottmann et al., 2009). Indeed, one of the most prominent indications for an active role of 
BDNF in modulating synaptic transmission come from the long term potentiation (LTP). 
BDNF mutant mice show significantly impaired Schaffer collateral LTP in the hippocam-
pus (Korte et al., 1995). This deficit can be rescued by either adenoviral gene transfer to 
express BDNF or by bath application of recombinant BDNF (Korte et al., 1996; Patterson 
et al., 1996). The application of function blocking BDNF antibodies or TrkB receptor bod-
ies to scavenge BDNF results in an attenuation of LTP and further supports the notion that 
BDNF is involved in the induction (Chen et al., 1999; Figurov et al., 1996; Kang et al., 
1997) as well as in the maintenance of LTP (Kang and Schuman, 1995; Kang et al., 1997; 
Korte et al., 1998; Bradshaw et al., 2003) by regulating local translation as well as de novo 
transcription of plasticity relevant proteins like Arc (Ying et al., 2002; Messaoudi et al., 
2007; also see section 1.3.2.). Upon activation, the accumulation of plasticity relevant pro-
teins mediates the rearrangement of the actin cytoskeleton at the post-synapse and 
thereby support structural changes (Fischer et al., 1998). Hence, there is an indication 
that BDNF not only plays a crucial role in functional changes of a synapse but also regu-
lates its size and shape.  
The role of BDNF in regulating the architecture of dendritic spines and dendrites is exten-
sively studied during development and in the adult. However, most previous reports are 
based on in vitro experiments by either the application of exogenous BDNF or the overex-
pression of BDNF. Indeed, it could be observed that in the visual cortex exogenous BDNF 
increases the length and complexity of pyramidal neurons as well as the sprouting of 
basal dendrites (McAllister, 1995; Horch et al., 1999) in an activity-dependent manner 
(McAllister, 1996). In developing primary hippocampal neurons BDNF promotes elonga-
tion of primary dendrites including increasing neuritic complexity (Ji et al., 2005; Kwon and 
Sabatini, 2011; Kellner et al., 2014). In the mature primary hippocampal neurons some 
reports show that application of exogenous BDNF results in a significant increase in the 
density of dendritic spines and provokes the enlargement of the spine head (Ji et al., 
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2005, 2010). However, another study while showing a decrease in spine density and head 
width upon TrkB receptor body application they could not reproduce the effect of the ex-
ogenous BDNF application in primary hippocampal neurons (Kellner et al., 2014). Den-
dritic spine density as well as the number of synapses have been shown to be significantly 
increased in mature organotypic hippocampal cultures after BDNF application (Tyler and 
Pozzo-Miller, 2001). It has also been shown that exogenous BDNF affects dendritic spine 
morphology causing an alteration in the distribution of spines types (Tyler and Pozzo-
Miller, 2003). 
As already mentioned changes in synaptic strength are tightly correlated to structural 
modification. Evidence for a role of BDNF in this process comes from the work of Tanaka 
and colleagues (2008). In their study, they combined postsynaptic spikes with two-photon 
glutamate uncaging at a single spine, resulting in a successful induction of LTP and an 
increase in spine head volume (Tanaka et al., 2008). In addition, their work shows that 
induction of these long-lasting structural changes depends on BDNF (Tanaka et al., 2008; 
Korte et al., 2008).  
Consistent with its role in activity-dependent synaptic plasticity there is also evidence sug-
gesting that BDNF plays an important role in learning and memory formation as well 
(Egan et al., 2003, Hariri et al., 2003; reviewed in Zagrebelsky and Korte, 2013). Growing 
evidence demonstrating the importance of BDNF in cognitive function comes from a single 
nucleotide polymorphism (SNP) consisting of a substitution of Met for Val at position 66 in 
the pro-region of the bdnf gene in humans (Egan et al., 2003). This SNP leads not only to 
an altered trafficking, distribution and activity-dependent release of BDNF from neurons 
(Chiaruttini et al., 2009; Egan et al., 2003) but also to smaller hippocampal and cortical 
volume (Pezawas et al., 2004). These phenotypic alterations result in impairments of hip-
pocampus-dependent learning and memory formation in humans (Hariri et al., 2003) as 
well as in animal models mimicking the phenotypic hallmarks of human's SNP by BDNF 
Met knock-in (Chen et al., 2006). 
 
1.3.5 Selective requirements of BDNF for maintaining and modulating neuronal 
architecture within different brain regions  
Most information about BDNF release from hippocampal neurons and its role in modulat-
ing neuronal function and structure in various brain regions derives from studies using cell 
transfection or adenoviral gene-transfer techniques overexpressing BDNF (Horch et al., 
1999; Griesbeck et al., 1999; Kohara et al., 2001; Gärtner and Staiger, 2002) or from 
pharmacological approaches including the application of recombination BDNF (Ji et al., 
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2005; Kwon and Sabatini, 2011) or anti-BDNF antibodies to neutralise it (Chen et al., 
1999; Kellner et al., 2014). So far it is not clear whether the mechanisms which regulate 
sorting and release of BDNF in these artificial systems are comparable to those regulating 
the native BDNF (Fawcett et al., 1997) and also whether its biological outcomes are com-
parable in vitro and in vivo.  
Indeed, the long-term in vivo function of BDNF during the postnatal development or in the 
adult has been difficult to analyse. Indeed, germ-line bdnf knockout mice are not viable. 
They are born alive but die before reaching the second postnatal week probably due to 
respiratory failure (Maisonpierre et al., 1990). In the peripheral nervous system BDNF 
promotes the relay of sensory information which is critical for the regulation of vital func-
tion such as respiration, heart rate and blood pressure (Erickson et al., 1996). Loss of 
BDNF compromises normal ventilatory responses to hypoxia, probably contributing to 
premature death in bdnf knockout mice (Erickson et al., 1996; Hellard et al., 2004). There-
fore, a series of different conditional gene targeted mouse lines have been developed 
whereby excision of BDNF is implemented by the Cre-loxP system (Rios et al., 2001; 
Gorski et al., 2003; Baquet et al., 2004; He et al., 2004; Chan et al., 2006; Monteggia et 
al., 2007; Unger et al., 2007; Rauskolb et al., 2010). Examination of the conditional BDNF 
mutant mice exposed, among others a specific and selective requirements for BDNF in 
maintaining and modulating neuronal architecture within different brain regions (Baquet et 
al., 2004; Rauskolb et al., 2010, Remus, 2012). Contrary to the effect of exogenous BDNF 
in vitro, global deprivation of BDNF during the postnatal development in conditional bdnf 
mutant mice (cTau-bdnf ko) causes only minor structural changes in the dendritic spines 
in cortical and hippocampal pyramidal neurons without affecting their dendritic architecture 
(Rauskolb et al., 2010; Remus, 2012). Interestingly, these conditional bdnf knockout mice 
showed an impaired postnatal dendritic growth of inhibitory striatal GABAergic medium 
spiny neurons (Rauskolb et al., 2010; Baquet et al., 2004) and also depletion of BDNF in 
primary cortical and hippocampal GABAergic interneurons was significantly affected by 
the absence of BDNF (Remus, 2012). Indeed, prior in vitro studies indicated an effect of 
exogenously applied BDNF in the growth, differentiation and development of GABAergic 
neurons in various brain regions like the striatum, hippocampus or cerebral cortex (Mizuno 
et al., 1994; Rutherford et al., 1997; Vicario-Abejón et al., 1998; Marty et al., 2000; Ya-
mada et al., 2002). Furthermore, exogenously application as well as overexpression of 
BDNF in different types of neuronal cell cultures demonstrated that BDNF is able to modu-
late GABAergic properties resulting in an imbalance of excitatory and inhibitory input (Bol-
ton et al., 2000; Aguado et al. 2003; Baldelli et al. 2002; reviewed in Gottmann et al., 
2009). Additionally, reports of germ-line bdnf knockout or bdnf heterozygous mice shed 
light on the specific action of endogenous BDNF at GABAergic neurons. In the bdnf 
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knockout animals loss of BDNF results in reduced expression of calcium binding proteins 
like calbindin and parvalbumin as well as neuropeptide Y in GABAergic interneurons 
(Jones et al., 1994). Studies on bdnf heterozygous mice revealed a reduced GABAergic 
function probably due to impaired releases of GABA (Abidin et al., 2008). Supportive evi-
dence comes also from the work of Kohara et al. (2007) demonstrating that single cell 
knockout of BDNF in organotypic cultures let to a decreased number of GABAergic termi-
nals. One of the most direct proves of a differential role of BDNF on excitatory and inhibi-
tory neurons comes from the work of Rauskolb et al. (2010) by their study of a conditional 
bdnf ko mouse line (cTau-bdnf ko) characterised by a global deprivation of BDNF 
throughout the whole CNS. In these mice they found a remarkable brain region specific 
effect of BDNF during their postnatal development. Here, while the striatal region is 
strongly affected by the BDNF deprivation, the hippocampus or cerebral cortex show only 
a very mild effect. Indeed, conditional bdnf knockout mice showed a reduced volume of 
the striatum accompanied by an impaired neuronal morphology of striatal MSN including 
reduced dendritic length and complexity as well as reduced density of dendritic spines 
(Rauskolb et al., 2010). In contrast neither the volume nor the dendritic morphology of 
hippocampal as well as cortical pyramidal neurons was significantly altered in those ani-
mals. No alterations could also be observed in the dendritic spine density however the 
spine type distribution is considerably shifted towards an immature phenotype. Similarly, 
lentiviral depletion of BDNF in primary cultures revealed the same astonishing effect of 
BDNF as seen in the conditional bdnf knockout mice. In the absence of BDNF hippocam-
pal and cortical glutamatergic neurons are not affected in regard to their morphology and 
dendritic spine density whereas GABAergic interneurons in the same brain region show a 
strong morphological impairment. Also, the spine morphology in the glutamatergic neu-
rons exhibits the same immature phenotype, comparable to those of the conditional bdnf 
knockout mice (Remus, 2012). However the molecular mechanism underlying the specific 
action of BDNF in inhibitory in contrast to excitatory neurons has not yet been sufficiently 
described. Thus it is likely that the selective function of BDNF is attributed to TrkB recep-
tor function which might be different in these both cell-types. 
 
1.4 Aim of study 
Neurotrophins are crucial for many aspects of CNS function, and have emerged to be 
critical for processes including neuronal survival, cell differentiation, dendritic arborisation, 
synaptogenesis and activity-dependent synaptic plasticity (Reichardt, 2006; Bramham, 
2008; Cohen and Greenberg, 2008; Lu et al., 2008). In particular BDNF, the second to be 
described member of the neurotrophic family, is suggested to be involved in regulating 
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activity-evoked functional and structural modifications of synapses. It has been shown that 
the expression of BDNF is closely associated with its biological outcomes. Modest 
changes in BDNF levels are related to neuroanatomical alterations and behavioural disor-
ders in humans and mice, comprising altered feeding behaviour or deficits in episodic 
memory and impaired hippocampal function (Lyons et al., 1999; Egan et al., 2003; Chen 
et al., 2006). The observed impacts can be structural, cognitive or behavioural and indi-
cate a highly regulated activity-induced expression of BDNF in vivo (Poo, 2001). 
The aim of this thesis is to investigate the molecular mechanisms mediating the role of 
BDNF in modulating the neuronal structure and function as well as its role during spatial 
learning, particularly the dysregulation evoked by an imbalance of the neurotrophic sys-
tem. For this purpose experiments were carried out based on animal models whereby the 
expression of BDNF was either elevated or eliminated. Total BDNF deprivation throughout 
the CNS has shown that it is required to maintain as well as to modulate the morphology 
of specific neuronal subtypes. However, the mechanism promoting this selectivity and 
specificity is so far not understood. Hence, the aim of this work was to gain insights into 
the molecular mechanisms underlying activation of BDNF-TrkB signalling in mediating the 
modification or maintenance of the neuronal structure. The influence of a BDNF depletion 
on the activation of the BDNF-TrkB signalling cascade in different cell-types of the hippo-
campus was examined in the first part of this thesis, whereby the analysis the different 
effects in excitatory and inhibitory neurons was of particular interest.  
The influence of an elevated BDNF concentration was investigated in the second part of 
this work. Especially, the impact on neuronal structure and functional properties of differ-
ent neuronal populations as well as in learning and memory processes during adulthood 
were investigated. The structural as well as functional consequences of an increased 
BDNF concentration in the mature nervous system in vivo are still unclear so far. In order 
to gain further knowledge appropriate experiments with SytIV mutant mice were carried 
out, whereby activity-induced exocytosis of BDNF was evoked by motor activity in the 
running wheel as well as spatial learning in the Morris Water Maze (MWM). 
 
24 | MATERIAL AND METHODS 
 
2 MATERIAL AND METHODS 
2.1 Material 
2.2 Chemicals  
All chemicals used in the experiments within the framework of this thesis have been dis-
tributed by AppliChem, Millipore, Roth, Sigma-Aldrich, MP Biomedicals and Invitrogen. 
Exceptions were specified separately. 
2.2.1 Solutions and Media 
 
 
 
 
 
 
DNA extraction buffer  
Tris, pH 8.0   10 mM 
EDTA, pH 8.0   10 mM 
NaCl 100 mM 
10x TAE-buffer  
Tris, pH 8.0 96.8 g (0.4 mol/l) 
Glacial acetic acid 22.8 ml  
0.5M EDTA; pH8    40 ml 
H2O (MilliQ) Filled up to 2 l 
4x DNA sample buffer  
Bromophenol blue 
Xylene Cyanole 
25 mg 
25 mg 
150 mM Tris 33 ml 
Glycerol (87%) 60 ml 
H2O (MilliQ)   7 ml 
4x SDS sample buffer  
Tris/HCl (pH 6.8) 375 mM 
SDS      2 % 
Glycerol (87%)    12 % 
Bromophenol blue 0.05 % 
β-Mercaptoethanol     10 % 
10x SDS buffer  
Tris, pH 8.0   60.6 g 
Glycine 288.2 g 
SDS (pH 8.6)      20 g  
H2O (MilliQ) Filled up to 2 l 
MATERIAL AND METHODS 25 
 
 
 
 
 
 
 
 
 
 
 
Separation gel buffer  
SDS (pH 8.6) 0.4 % 
Tris 0.6 M 
Stacking gel buffer  
SDS (pH 8.8) 0.4 % 
Tris, pH 8.0 1.5 M 
Semi-dry blot buffer  
Tris/HCl (pH 8.5)   25 mM 
Glycine 150 mM 
Methanol   10 % 
10x TBS-T  
Tris/HCl (pH 7.6)  0.20 M  
NaCl 1.37 M 
Tween-20      1 % 
10x TBS-X  
Tris/HCl (pH7.6)  0.20 M  
NaCl 1.37 M 
Triton X-100      1 % 
Brain lysis buffer, pH 7.3 
HEPES   50 mM 
NaCl 150 mM 
EGTA      2 mM 
Triton X-100    0.5% 
Protease Inhibitor Mix  
Pepstatin A [1 mM] 1:500 
AEBSF       [200 mM] 1:500 
Trasylol       [100x] 1:100 
10x Phosphate Buffer Saline (PBS), pH 7.3 
KCl   2.7 mM 
KH2PO4   1.5 mM 
NaCl  137 mM 
Na2HPO4 10.4 mM 
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Cell culture medium used for primary cultures 
Neurobasal medium (Invitrogen)  50 ml  
B27 supplement (Gibco)     1 ml  
L-Glutamine (200 mM; Sigma)  125 μl 
100x N2 supplement (Gibco) 500 µl 
 
Borate buffer pH 8.5 
Boric acid 1.24 g 
Borax   1.9 g 
H2O (MilliQ)  400 ml 
100x N2 supplement (Gibco)  500 µl 
 
 
 
 
Phosphate Buffer Saline (PBS) 0.01 M, pH 7.2  
NaCl 8.5 g  
Na2HPO4  1.4 g 
NaH2PO4 0.2 g 
H2O (MilliQ) Filled up to 1 l 
Gey’s Balanced Salt Solution(GBSS) 
CaCl2 ∙ H2O 0.22 g/l 
KCl 0.37 g/l 
KH2PO4  0.03 g/l 
MgCl2 ∙  6 H2O  0.21 g/l 
MgSO4 ∙ 7 H2O  0.07 g/l 
NaCl 8.00 g/l 
Na2HCO3 0.227 g/l 
Na2HPO4 0.12 g/l 
D-Glucose  1.00 g/l 
Dulbeccos’s Modified Eagle Medium (DMEM) 
Glucose 1.0 g 
L-Glutamine 20 ml 
FCS   0 % 
Na-Pyruvate 3.4 g 
Phosphate buffer (PB) 0.2 M, pH 7.4 
NaH2PO4 ∙ 2H2O 0.04 mM 
Na2HPO4 ∙ 2H2O 0.17 mM 
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2.2.2 Plasmids 
In order to transfect eukaryotic cells, plasmid DNA was purified using MIDI plasmid purifi-
cation kit (Qiagen Plasmid Kit, Qiagen) according to the manufactures’ instructions. 
Plasmid Description Reference 
pUbc-CRIG 
 
Lentiviral vector encoding for eGFP and 
Cre-recombinase (hUbc promoter) 
Prof. Dr. med. Alexander 
Pfeiffer (University Bonn); 
modified by Rothkegel, 2009 
pmApple-N1 
 
red fluorescent monomeric derivative of 
DsRed (CMV promoter) 
Michael W. Davidson 
Sundaresan et al., 1987 
4% Paraformaldehyde (PFA) in 0.2 M phosphate buffer, pH 7.4 
PFA      40 g 
H2O    500 ml 
0.2 M phosphate buffer    500 ml 
PFA was solved in 70°C warm water. To solve the PFA completely a few drops of 1M 
NaOH were added. The cooled solution was filtered and 0.2 M phosphate buffer were 
added. PFA was stored at -20°C. 
Artificial cerebrospinal fluid (ACSF) 
NaCl 124 mM 
KCl  3.7 mM 
KH2PO4  1.2 mM 
MgSO4 ∙ 7 H2O     1 mM 
CaCl2 ∙ 2 H2O  2.5 mM 
Glucose    10 mM 
NaHCO3 24.6 mM 
ACSF was prepared in a 10x stock solution excluding NaHCO3 and D-Glucose and stored 
at 4°C. Immediately before performing electrophyisological experiments 10x ACSF was di-
luted 1:10 in MilliQ water. NaHCO3 and D-Glucose were freshly added to 1x ACSF solution. 
The pH was adjusted to a value between 7.2 and 7.4 by saturation with carbogen (95 % O2 
and 5 % CO2).  
HEPES buffer 
NaCl 145 mM 
KCl      3 mM 
HEPES    10 mM 
MgCl2      2 mM 
CaCl2      3 mM 
Glucose      8 mM 
BSA 0.25 % 
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2.2.3 Antibodies 
Primary Antibody Antigen Species Dilution Reference 
pc BDNF-N20 
(sc-546) 
BDNF rabbit 1:1000 (IF, WB) Santa Cruz 
pc BDNF H117 
(sc-20981) 
BDNF  rabbit 1:500 (IF, WB) Millipore 
Calbindin(D-28K) Calbindin mouse 1:10000 (IF) Swant 
α-CaMKinaseII 
(CBα-2) 
CaMKinaseII mouse 1:1000 (IF) Life technolo-
gies 
mc phospho-TrkA 
(Tyr674/675)/TrkB 
(Try706/707) 
(C50F3) 
Phosphory-
lated TrkB (Try 
706/707) 
rabbit 1:500 (IF, WB) Cell Signalling 
pc TrkB TrkB rabbit 1:1000 (WB) Millipore 
mc Prox1 (5G10) Prox1 mouse 1:500 (IF) Millipore 
 
Secondary Antibody Conjugate Dilution Reference 
Anti-mouse IgG (115-165-166)  Cy3 1:500 Dianova 
Anti-mouse IgG (115-175-068) Cy5 1:500 Dianova 
Anti-rabbit   IgG (111-165-144) Cy3 1:500 Dianova 
Anti-rabbit   IgG (A 0545)  peroxidase 1:20000 Sigma-Aldrich 
 
2.3 Methods 
2.3.1 Mouse strains 
The conditional bdnf knock-out mouse (cbdnf ko) was generated in the group of Prof. Dr. 
Yves-Alain Barde (University Basel, Switzerland) by using the Cre-loxP recombination 
system (Rauskolb et al., 2010). Briefly, mice carrying two floxed bdnf alleles (bdnf lox/lox) 
were crossed with a mouse line which expresses a Cre-recombinase on one allele of the 
tau locus (tau::cre line; Korets-Smith et al., 2004) and which additionally carries one floxed 
bdnf allele. Lox P sites were inserted around the single coding exon IX and the Cre-
mediated recombination of bdnf resulting in a lack of BDNF throughout the entire nervous 
system. Conditional bdnf knock-out mice used in this study exhibited a mixed genetic 
background of C57BL/6J and 129/Sv strains. Littermate mice with the genotypes bdnf lox/lox 
or bdnf wt were used as controls. Other mouse models used in this study were on the one 
hand the constitutive knock-out of Synaptotagmin IV (SytIV) generated in the group of 
Prof. Dr. Harvey R. Herschman (University of California, Los Angeles) (Ferguson et al., 
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2000) and which was a kind gift by Prof Dr Edwin R. Chapman (University of Wisconsin, 
Madison). SytIV knock-out animals and corresponding littermate controls used in this 
study were kept on a Sv/129 genetic background. On the other hand a constitutive Bas-
soon knockout (BsnΔEx4/5, Altrock et al., 2003) mouse line and a forebrain restricted 
Bassoon conditional (cBsn2-Emx-Cre) knock-out line were used. BsnΔEx4/5 knockout 
animals lack the central part of the BSN protein due to the replacement of the entire exon 
5 and parts of exon 4 through a lacZ / neomycin cassette. However, in this mice a 180kDa 
protein which includes the N- and C-terminal region of Bassoon is still expressed. To gen-
erate the cBsn2-Emx-Cre mouse line, mice carrying two floxed Bassoon alleles were bred 
with mice containing a Cre recombinase expressed from the endogenous Emx1 locus. 
Recombination results in the absence of Bassoon in cerebral cortex, hippocampus and 
amygdala. Bassoon knock-out mice were kept in a C57BL/6J genetic background. The 
Bassoon mutant mice were a kind gift by Prof. Dr. Eckart D. Gundelfinger (Leibniz-
Institute for Neurobiology, Magdeburg).Genotypes of the animals were determined by 
PCR as described (section 2.3.2) using a tail biopsy. Mice were housed under standard 
laboratory conditions with controlled temperature (20-22°C), at a 12h light-dark cycle and 
with ad libitum access to food and water. If not specifically mentioned, all experiments 
were carried out at the age of 8 weeks. All procedures concerning animals were approved 
by the animal welfare representative of the TU Braunschweig and the LAVES (Oldenburg, 
Germany, Az. §4 (02.05) TSchB TU BS). 
 
2.3.2 Genotyping of transgenic mice 
The genomic mouse DNA was extracted from material, which was gained from a tail bi-
opsy. Therefore, pieces of tail tips were incubated overnight in 400 µl DNA extraction 
buffer, 80 µl 10 % SDS and 20 µl proteinase K (10 mg/ml) in a shaker (400 rpm) at 
55°C.The lysate was centrifuged 10 min at 13000 rpm to remove undigested tissue and 
hairs. The supernatant was transferred in a fresh Eppendorf tube and 225 µl 4 M NaCl 
was added. After another centrifugation step (13000 rpm, 10 min) 450 µl Isopropanol were 
added to precipitate the DNA. The solution was centrifuged (13000 rpm, 10 min) and the 
supernatant was removed. 70 % Ethanol was applied to the precipitated DNA and centri-
fuged (13000 rpm, 10 min). This washing step was repeated to clean the DNA from Iso-
propanol residuals. DNA pellet was subsequently dried at 70°C and resuspended in 100 
µl 10 mM Tris-HCl (pH 7.4). DNA pellet was le to dissolve overnight at 4°C and on the 
following day by agitation of several hours at 37°C before performing the polymerase 
chain reaction (PCR). 
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Table 1: Primer for genotyping 
Primer Sequence 5‘-3‘ 
bdnf13 short GTTGCGTAAGCTGTCTGTGC 
bdnf14short CTCAGAGGGCACTTTGATGG 
Cre_forward GCCGAAATTGCCAGGATCAG 
Cre_reverse AGCCAGCAGCTTGCATGATC 
Tau_forward CTCAGCATCCCACCTGTACA 
Tau_reverse CCAGTTGTGTATGTCCACCC 
SYT WT fwd CACTTCCCTCACGTCAGAGGAG 
SYT KO fwd AACCACACTGCTCGACATTGGG 
SYT rev 
(for both) 
GCAAGGAGAGCTCTTGGATGTG 
 
The floxed bdnf (800 bp) and the wildtype bdnf (600 bp) alleles were detected with the 
primer pair bdnf13short and bdnf14short.The primer pair Cre_forward and Cre_reverse 
recognised the Cre-allele (400 bp), while the primers Tau_forward and Tau_reverse de-
tect the tau wildtype allele (200 bp). The Synaptotagmin IV alleles were recognised with 
the primer pair SYT WT fwd, SYT KO fwd and SYT rev (for sequence see Table 1). 
 
The PCR were performed using the following standard PCR mix (see Table 2, Table 4 
and Table 6) and corresponding amplification protocols (see Table 3, Table 5, Table 7).  
 
Table 2: Standard PCR mix for 25 µl reaction volume for the detection of the floxed 
bdnf and the Cre allele 
 
Component Final concentration 
template DNA 0,5 µl 
5x GoTaq Reaction buffer 1x (Promega, #M791A) 
PCR Nucleotide Mix, [10mM each] 1 mM each dNTP (Promega, # C1141) 
upstream primer [5pmol] 1 µM (eurofins genomics) 
downstream primer [5pmol] 1 µM (eurofins genomics) 
GoTaq® Polymerase [5u/µ]) 1.5 u (Promega, #M3001) 
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Table 3: PCR amplification protocol for detection of the floxed bdnf and the Cre al-
lele 
 
Table 4: Standard PCR mix for 25 µl reaction volume for genotyping the tau locus 
 
Table 5: PCR amplification protocol for genotyping the tau locus 
 
Table 6: Standard PCR mix for 25 µl reaction volume for detection of Synaptotagmin 
IV allele 
Step Temperature Time Number of Cycles 
Initial Denaturation 94°C 5 min 1 cycle 
Denaturation 94°C 1 min 
34 cycles Annealing  61°C 1 min 
Extension 72°C 2 min 
Final Extension 72°C 10 min 1 cycle 
Storage 4°C ∞ 1 cycle 
Component Final concentration 
template DNA 0,5 µl 
5x GoTaq Reaction buffer 1x (Promega, #M791A) 
PCR Nucleotide Mix, [1mM each] 1 mM each dNTP(Promega, # C1141) 
upstream primer [5 pmol] 0.1 µM (eurofins genomics) 
downstream primer [5 pmol] 0.1 µM (eurofins genomics) 
GoTaq® Polymerase [5u/µl] 1.5 u (Promega, #M3001) 
Step Temperature Time Number of Cycles 
Initial Denaturation 94°C 5 min 1 cycle 
Denaturation 94°C 1 min 
34 cycles Annealing  58°C 1 min 
Extension 72°C 2 min 
Final Extension 72°C 10 min 1 cycle 
Storage 4°C ∞ 1 cycle 
Component Final concentration 
template DNA 0.5 µl 
5x Reaction buffer 1 x (Promega, #M791A) 
PCR Nucleotide Mix, 10mM each 0.2 mM each dNTP (Promega, # C1141) 
upstream primer [5 pmol] 0.1 µM (eurofins genomics) 
downstream primer [5 pmol] 0.1 µM (eurofins genomics) 
GoTaq® Polymerase [5 u/µ] 1.25 u (Promega, #M3001) 
MgCl2 3 mM (Promega, # A3511) 
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Table 7: Synaptotagmin IV knock-out genotyping protocol 
 
PCR products and standard (Gene Ruler, Fermentas) were loaded on a 1.5 % agarose 
gel containing Roti® safe gel stain (Roth). Gel documentation was performed using a gel 
documentation system from Herolab EASY RH (Herolab GmbH). 
 
2.3.3 Preparation of primary cultures 
Preparation of poly-L-lysine coated coverslips  
Glass coverslips (VWR: ECN 631-1578, No. 1, diameter 13 mm) were incubated in 10 M 
NaOH for 3-5h at 100°C and subsequently washed five times with MilliQ H2O. After wash-
ing the coverslips were sterilised for 6h at 225°C. The sterilised coverslips were next 
coated with 0.5 mg/ml poly-L-lysine in borate buffer for either 2-3h at 37°C or overnight at 
4°C. Following this, the coated coverslips were washed four to five times with sterile MilliQ 
water, dried and stored at 4°C.  
Preparation of primary hippocampal cultures 
Primary cultures of mouse hippocampal neurons were prepared from mice (bdnf lox/lox) at 
embryonic day E16.5. The pregnant mother was sacrificed by cervical dislocation and the 
embryos were removed from the uterus. Afterwards the embryos were immediately de-
capitated and the brains were kept in a ice cold GBSS/Glucose solution. First, the cranial 
bones and the meninges were removed and then the hippocampus was dissected from 
the brain and digested in 1 ml Trypsin/EDTA solution for 30 min at 37°C. Trypsin/EDTA 
was removed and 1 ml DMEM containing 2 % FCS was added to stop the digestive reac-
tion. The tissue was mechanically dissociated using a fire polished Pasteur pipette. Disso-
ciated cells were centrifuged 5 min at 1500 rpm and resuspended in 1 ml Neurobasal me-
dium (Gibco) supplemented with 200 mM Glutamine, 1 % 100x N2 (Invitrogen), 2 % B27 
supplement (Gibco). Subsequently, the cell number was counted in a Neubauer chamber. 
The cells were plated on poly-L-lysine coated glass coverslips with an initial cell density of 
70,000 cells/cm2 in a final volume of 500 µl/well. In order to get a successful attachment 
Step Temperature Time Number of Cycles 
Initial Denaturation 93°C 10 min 1 cycle 
Denaturation 93°C 30 sec 
40 cycles Annealing  60°C 45 sec 
Extension 65°C 90 sec 
Final Extension 65°C 10 min 1 cycle 
Storage 4°C ∞ 1 cycle 
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on the glass coverslips, neurons were first cultured in a smaller volume of 150 µl and after 
4h the remaining medium of 350 µl was added. The neurons were cultivated at 37°C, 5 % 
CO2 and 99 % humidity for 21 days. 20 % of the culture medium was changed every 7 
days. 
 
2.3.4 Production of lentivirus Ubc CRIG and transduction of primary cultures 
HEK293T cells were used for the production of the lentivirus. This cell line contains the 
large T-antigen of the simian virus 40 (SV40) which influences the cell cycle thus increas-
ing the efficiency of transfection, leading to a higher vector production and a higher trans-
duction efficiency. HEK293T cells were cultivated in DMEM supplemented with 10 % FCS 
and 500 µg Geneticin G418 (Sigma Aldrich) for selection. 24h before transfection the cells 
were detached using 0.2x Trypsin/EDTA and plated onto a 10 cm cell culture dish with a 
cell density of 5∙106 cells without G418.Transfection of HEK293T cells was performed with 
PEI (Polyethylenimine, Sigma Aldrich).The cells were co-transfected with 10 µg of the 
lentiviral expression vector Ubc-CRIG, 7.5 µg of the packing expression vector delta 8.9 
and 5 µg of the expression vector for the envelope protein VSV-G (glycoprotein of the 
vesicular stomatitis virus). The DNA was diluted in 1 ml of serum free DMEM and added 
to 67.5 µl PEI. The transfection solution was incubated for 30 min at RT and then drop-
wise added to the cells. After 4-6h the medium was replaced by 10 ml fresh DMEM con-
taining 10 % FCS. 48h-72h after the transfection the supernatant was transferred into 50 
ml Falcon tubes and centrifuged at 3000 rpm for 5 min. Afterwards the supernatant was 
filtered through a 0.45 µm filter and immediately stored in 1 ml aliquots at -70°C. The pro-
duction of the lentivirus was kindly performed by Tania Meßerschmidt.  
Transduction of hippocampal primary neurons with Ubc CRIG lentivirus 
To excise the bdnf gene neurons from primary hippocampal cultures, a cre-loxP recombi-
nation was performed by transducing them with a cre-recombinase expressing lentivirus. 
Therefore, primary hippocampal neurons from mice carrying two floxed bdnf alleles were 
transduced with the lentivirus Ubc-CRIG expressing the cre-recombinase under the con-
trol of an ubiquitin promoter. The transduction was performed 4h after preparation of the 
primary cultures. Thus, lentivirus containing medium was added drop wise to the primary 
cells in a 1:5 dilution. The dilution was calculated by determination of the transduction rate 
from different dilutions directly after production of the lentivirus. The expression of the cre-
recombinase was visualised by eGFP fluorescence which started 7 days after transduc-
tion. Transduced cells were incubated for 3 weeks at 37°C and 5 % CO2. 
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2.3.5 Treatments of primary hippocampal neurons 
In order to analyse TrkB receptor activation and the underlying mechanism, different 
agents were applied to the culture medium. Hippocampal primary neurons were treated 
every second day starting at 2 days in vitro (DIV) with 0.5 µg/ml TrkB-Fc receptor bodies 
(R&D Systems) to scavenge Neurotrophine-4 and BDNF (Shelton et al., 1995; Ninkina et 
al., 1997). To examine the zinc-mediated transactivation of TrkB, the divalent cation zinc 
was eliminated by addition of 1.5 mM CaEDTA to the primary hippocampal cultures at 
DIV1 (Huang et al., 2008; Frederickson et al., 2002). Src family kinases are also involved 
in the zinc-induced activation of TrkB. Therefore, primary cultures were repeatedly treated 
with 0.5 µM Src-inhibitors (PP1 & PP2) every 7 days. As control the inactive SFK inhibitor 
analogue PP3 (0.5 µM) was used. First application started at DIV1.  
 
2.3.6 Transfection of primary hippocampal neurons 
To investigate the neuronal architecture and spine density, primary hippocampal cultures 
were transfected at 20 DIV using Lipofectamin® 2000 transfection reagent with a DNA 
expressing plasmid for mApple (see section 2.2.2). All mentioned amounts were calcu-
lated per well. First 300 µl Neurobasal medium without supplements were pre-incubated 
at 37°C, 5% CO2 and 99% humidity. Then 0.8 µg plasmid DNA and 2 µl Lipofectamin 
were diluted separately in 50 µl Neurobasal medium without supplements. After 5 min of 
incubation, The two solutions were combined and incubated for further 20 min at room 
temperature (RT). The old culture medium (see section 2.3.3) was replaced by 300 µl of 
pre-warmed Neurobasal medium without supplements; however the old medium was kept 
and incubated at 37°C and 5% CO2. Subsequently, 100 µl transfection medium was 
added drop wise to each well followed by 60 minutes incubation at 37°C and 5% CO2. 
After the incubation the transfection medium was replaced by the old culture medium. 24h 
after the transfection primary cultures were fixed with paraformaldehyde (PFA) and an 
immunohistochemical staining was performed (see section 2.3.7). 
 
2.3.7 Immunohistochemistry 
Primary hippocampal cultures were fixed at DIV 21 with 4% PFA in PB at 4°C for 15 min. 
Afterwards, cultures were washed three times at intervals of 20 min with 1x PBS. In order 
to permeabilise the cells and to block unspecific binding sites, the primary cultures were 
incubated by agitation in a BSA containing blocking solution (0.2 % Triton X-100, 10 % 
goat serum, 1 % BSA in PBS) for 1h at RT and subsequently incubated overnight at 4°C 
with the respective primary antibodies. The primary antibodies were diluted in PBS con-
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taining 0.2 % Triton X-100, 10 % goat serum (for antibody dilution see section 2.2.3).The 
next day the cultures were further incubated for 30 min at RT, washed again three times 
at intervals of 10 min with 1x PBS and incubated with the secondary antibody for 2h at RT 
in the dark. Secondary antibodies conjugated with Cy3 or Cy5 were diluted 1:500 in 1x 
PBS. To stain the chromatin in the cell nucleus, the cells were counterstained with DAPI 
(4’,6-Diamidin-2’-phenylindoldihydrochlorid) diluted 1:1000 in 1x PBS for 10 min at RT. 
Finally, coverslips were washed again and mounted upside down using Fluoro-
Gelmounting medium (Emsdiasum, Electron Microscopy Sciences). Slides were stored at 
4°C in the dark. 
 
2.3.8 Perfusion and DiOlistic 
To preserve tissue rapidly and uniformly in a life-like state, a transcardial perfusion was 
performed. Mice were perfused with a mixture of 4 % PFA and 4 % sucrose in PB. There-
fore, mice were deeply anaesthetised. For determination of the anaesthetic depth, pin-
response was checked. Immediately after anaesthesia, abdomen and the thoracic cavity 
were opened. The tip of an infusion needle (Braun) was inserted into the left ventricle and 
right atrium was cut open. The PFA-sucrose solution was let flow for approximately 15 min 
until the liver was cleared and the mouse completely stiff. After the perfusion, the brain 
was dissected from the mouse and the cerebellum was removed with a sharp razor blade. 
Further, the brain was cut along the midline in two hemispheres and post fixed for 30 min 
in cold 4 % PFA-sucrose solution. Two hemispheres were transferred to 1x PBS, embed-
ded in 2 % Agar in 0.1mM PB and cut with a vibratome (VT1200S, Leica Microsystems, 
speed 2; frequency 10) in 400 µm thick brain slices. To label cortical, hippocampal and 
striatal neurons, the DiOlistic technique was used by delivering DiI-coated tungsten parti-
cles (see section Preparation of DiI microprojectiles below) with hand-held gene gun (He-
lios Gene Gun System, Bio-Rad). Therefore, perfused brain slices were fixed after cutting 
for 2h at 4°C and then shoot with DiI-coated tungsten particles using helium at a pressure 
of 120 psi. To prevent large dye cluster from damaging the tissue a membrane filter (3 
µm, Millipore) was inserted between barrel aligner and the brain slice. Afterwards the 
brain slices were incubated overnight in the dark in 1x PBS to allow diffusion of the DiI. 
Slices were fixed for 2h with 4 % PFA at 4°C, washed with 1x PBS and counterstained 
with DAPI to distinguish the different cortical layers. Further the brain slices were mounted 
on microscopic slides using Fluoro-Gel mounting medium.  
Preparation of DiI-coated micropaerticles 
The DiI (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate) coated mi-
croparticels were prepared using the tubing preparation station (Bio-Rad) according to 
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manufactures’ instructions. 50 mg tungsten (M-25, 1.7 μm in diameter; Bio-Rad) were 
distributed on a microscope slide and mixed with 100 µl DiI solution previously prepared 
by dissolving 3 mg DiI (Invitrogen, Molecular Probes) in 100 µl methylene chloride (Sigma-
Aldrich, Grutzendler et al., 2003). The dried DiI-coated tungsten particles were removed 
from the microscope slide by scratching with a blade, dissolved in 3 ml MilliQ H2O and 
afterwards sonicated in an ultrasonic bath for 10 min. Following this, the solution was di-
luted 1:20 or 1:60 in MilliQ water. The dilution was performed in the ultrasonic bath to 
keep the DiI-tungsten particles in solution. TEFZEL tubing (Bio-Rad) was pre-coated with 
0.05 mg/ml polyvinylpyrrolidone (PVP) in ice-cold ethanol which improved the attachment 
of the DiI-coated tungsten particles to the tube walls. Therefore, 10 µl of a PVP stock solu-
tion (20 mg/ml) was diluted in 4 ml ice-cold ethanol and incubated in the tube for 5 min. 
The tube was dried using a constant flow of 4-5 LPM (litre per minute) nitrogen for 7 min. 
PVP-coated tubes were then filled with the diluted DiI-tungsten solution and incubated for 
30 min in rotation to achieve a uniform distribution of DiI-tungsten particles in the tube. 
Afterwards the tube was dried with a flow rate of 3-4 LPM nitrogen for 40 min in rotation. 
The tube was cut in 13 mm long pieces and stored at RT in the dark. 
 
2.3.9 Microscopic analysis of neurons 
For the microscopic analysis only non-overlapping neurons either in brain slices labelled 
with the lipophilic dye DiI or cells from primary hippocampal cultures transfected with the 
expression plasmid mApple were selected to enable a complete and definite reconstruc-
tion of the dendritic structure of the neuron and the determination of the dendritic spine 
density. Both techniques ensure an entire labelling of single cells including dendritic ar-
bours as well as dendritic spines. Thereby cells were excluded which show indications of 
degeneration such as retraction bulbs or fragmentation of the dendrites but also swelling 
of the soma as this needs particular attention by the investigation of the TrkB receptor 
phosphorylation.  
Acquisition of microscopic images 
To analyse dendritic architecture Dil labelled neurons were acquired using the Axioplan 2 
imaging microscope (Zeiss) equipped with an ApoTome module (Zeiss) and Z-stacks with 
optical sections spaced 1 µm apart were taken with a 20x objective (0.8 NA Plan-APO, 
Zeiss). For analysis of the spine density images were acquired with the Olympus system 
BX61WI FluoView 1000 (FV1000, Olympus) using a 40x oil immersion objective (1.3 NA 
UPlanFL N, Olympus) with zoom 4 and sectioned in the z-direction spaced 0.5 µm apart 
(0.138 x 0.138 x 0.5 nm). In order to acquire the neuronal morphology of primary cultures 
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fluorescent images were taken using the Axioplan 2 imaging microscope with a 20x objec-
tive (0.8 NA Plan-APO, Zeiss). Dendritic spines of primary cultures were imaged with a 
higher magnification at the Axioplan 2 imaging microscope using a 63x oil immersion ob-
jective (1.4 N.A., Zeiss) and optical sections spaced 0.5 µm. To examine the BDNF-TrkB 
signalling pathway TrkB phosphorylation was quantified in different cell-types by confocal 
sequential scans with the Olympus system BX61WI FluoView 1000 using antibodies 
against phosphorylated TrkB (Figure 2-1A) and cell-type specific markers (Prox-1, Cal-
bindin, CaM-Kinase II). Images were acquired with a 40x oil immersion objective, z-
sectioned 0.5 µm apart and keeping a constant exposure time. 
Morphological reconstruction and analysis of TrkB receptor activation  
Morphological reconstruction of the neurons was performed using the Neurolucida soft-
ware (MicroBrightField). Sholl analysis (Sholl, 1958) was applied to quantify the dendritic 
complexity using Neuroexplorer software (Micro Bright Field) to calculate the cumulative 
number of dendritic intersections at an interval of 10 μm starting from the soma. As an 
index for the total dendritic complexity the sum of all crossings for each cell obtained in 
the Sholl analysis was used. Density of dendritic spines was quantified on secondary or 
tertiary dendritic branches of Dil or mApple labelled neurons using the ImageJ software 
(NIH). For basal and apical dendrites spine density was measured by determining the 
number of spines per micrometre dendritic length. The activation status of the BDNF re-
ceptor TrkB was analysed by measuring the mean fluorescence intensity of the phospho-
TrkB immunoreactivity signal using ImageJ software (NIH) and normalised to the respec-
tive control (Figure 2-1B). 
 
Figure 2-1. Quantification of TrkB phosphorylation at site Y705/Y706. A, Representative im-
munofluorescent images of hippocampal primary neurons showing phospho-TrkB (Y705/706) label-
ling in control cultures and after 15 min treatment with BDNF. B, Quantification of phosphorylated 
TrkB comparing control and BDNF treated cultures. Scale bar, 100 µm. 
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Statistical analysis was performed with Microsoft Excel and GraphPad Prism. For data 
derived from the Sholl analysis statistical significance was determined using two-way re-
peated ANOVA. Data obtained for the total dendritic complexity, spine density and for the 
quantification of TrkB phosphorylation level were analysed statistically either by the use of 
an unpaired two-tailed Student’s t-test comparing two groups or by a one-way ANOVA 
followed by a post-hoc Tukey's Multiple Comparison Test in the case of more than two 
experimental conditions. Values of p<0.05 were considered as being statistically signifi-
cant. The significance levels are represented as *p<0.05; **p<0.01; ***p<0.001. All data 
are represented as mean ± Standard Error of the Mean (SEM).  
 
2.3.10 Morris Water Maze learning paradigm 
To evaluate the spatial learning and reference memory, 8 weeks old mice were tested in 
the Morris Water Maze (MWM) task. In this task the mice have to learn to navigate directly 
to a hidden platform using distal visual cues (Morris, 1981, 1984). Morris Water Maze was 
carried out using a black circular pool (1.60 m in diameter) filled with water that was made 
opaque by adding titanium dioxide (Euro OTC Pharma). The water temperature was kept 
at 22°C ± 2°C. Geometrically shaped cues (circle, triangle, stripes) were placed around 
the wall outside the pool, so that the mice could use the cues as an orientation guide to 
navigate through the maze. Swimming behaviour of each mouse was monitored using a 
camera on the ceiling, which relayed information regarding escape latency, total distance 
travelled, swim speed, time and distance spent in each quadrant to a video tracking sys-
tem (VideoMot2, TSE systems). The maze was virtually divided into 4 equivalent quad-
rants (north-east, north-west, south-west and south east).  
The mice were housed in individual cages and maintained with food and water ad libitum. 
The mice were kept in a 12h light/dark cycle whereas behavioural tests were performed 
only in the light phase. To habituate the mice to the new environment, a pre-training para-
digm was performed. The pre-training took place on 3 consecutive days with a visible plat-
form (10 cm in diameter) placed above the water surface. Each mouse was given 4 trials 
a day with a maximum trial time of 60 sec to search for the platform and an inter-trial in-
terval of 5 min. For the pre-training, the platform position was randomly changed between 
trials and the mice were released from opposite directions relative to the visible platform. If 
the mice didn't locate the platform, they were guided to it and allowed to remain there for 
at least 15 sec before being returned to their home cage. After the pre-training, the mice 
were allowed to recover for two days before starting the MWM paradigm. Within the train-
ing period the mice had to find a hidden platform submerged in opaque water. The plat-
form position remained constant in the centre of the north-west quadrant over the whole 
MATERIAL AND METHODS 39 
 
 
experimental period, but the starting position was changed pseudo-randomly (see Figure 
2-2A). Each mouse was allowed to search for the hidden platform up to 90 sec at 4 differ-
ent trials a day over a time period of 8 consecutive days. Between the trials the animals 
could recover for 5 min. At training day 3, 6 and 9 a memory reference test (probe trial) 
was carried out to analyse the memory acquisition (Vorhees and Williams, 2006). Here 
the escape platform was removed and the mice were allowed to swim for 45 sec. The 
starting position was opposite to the goal quadrant, where the platform was previously 
located (see Figure 2-2A; PT). 
Morris water maze data analysis: Search strategies in accordance to Garthe et al., 
2009 
Recorded swimming behaviour was analysed using classical parameters like escape la-
tency, total distance and swim speed. In regard to the probe trial, quadrant preferences 
and the number of crossings over the former platform position were analysed. The analy-
sis was performed using Microsoft Excel. 
The spatial memory formation was assessed by analysing the individual navigational 
search strategies used by the mice during their attempts to locate the hidden platform 
(Wolfer and Lipp, 2000). Searching behaviour and associated swim pattern were classi-
fied using a parameter-based algorithm. The analysis of the search strategies was carried 
out on the basis of algorithmic scripts in Matlab (The Mathworks). Therefore, the water 
maze was virtually divided in distinct zones to calculate the amount of time spent in a re-
spective area as described by Garthe and colleagues (Garthe et al., 2009; see Figure 
2-2B). The particular strategies were distinguished in non-spatial hippocampus-
independent (see Figure 2-2C-E) and spatial hippocampus-dependent (see Figure 
2-2F, G). Thereby each search strategy was defined by one or more distinct parameters 
that ranges from undirected to spatially precise. Non-spatial undirected strategies were 
described by random search, scanning and chaining. Random search was represented by 
not restricted search pattern but rather described by a pool surface coverage of more than 
60 % (Figure 2-2C). The parameters for scanning were more focused to the pool centre 
(Figure 2-2D) whereby chaining showed a clear preference for the annulus zone (grey 
circle) representing the learning of the correct distance between the goal platform and the 
pool wall (Figure 2-2E). Spatial search patterns based on a directed preference for the 
goal corridor which is described by a triangular expanding from the starting point with a 
defined angle. The determination between the both spatial learning hippocampus-
dependent strategies directed search (Figure 2-2F) and direct swimming (Figure 2-2G) 
were defined by the angle of this triangular shaped corridor. Directed search described the 
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direct navigation to the goal platform by an angle of the goal corridor of 40° and for direct 
swimming the angle was set to 10°. 
 
 
Figure 2-2: Algorithm-based classification of search strategies used during Morris Water Maze 
paradigm. (A) Schematic representation of the water maze pool. Water maze was divided into four 
distinct zones to calculate the amount of time spent in respective areas. The hidden platform (black 
circle) was set in the centre of the north-west quadrant. Visual cues were positioned around the 
wall outside of the pool at the three points West (W), North (N) and East (E). Gray triangles indi-
cated the starting position during each trial and the red triangle marked the starting position for the 
probe trial (PT). (B) Variables used to determine the classification of search pattern during water 
maze task. Search behaviour based on a directional preference for the hidden platform was deter-
mined by a triangular shaped corridor (goal corridor). Each strategy was identified by one or more 
parameters representing their individual key properties, thus the searching behaviour was sepa-
rated in non-spatial learning strategies like random search(C), scanning (D) & chaining (E) and 
spatial learning patterns like direct search (F) & direct swimming (G). Modified in accordance with 
Garthe et al., 2009. 
 
Statistical analysis was performed with IBM SPSS Statistics 20. The statistical signifi-
cance of escape latency, total distance and swim speed were determined using a two-way 
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ANOVA. Search strategies were analysed using a two-way repeated ANOVA followed by 
a post-hoc non-parametric Mann–Whitney U-test. Values of p<0.05 were considered as 
being statistical significant. Significance levels are indicated as *p<0.05; **p<0.01; 
***p<0.001. All results are represented as mean ± SEM. 
 
2.3.11 Wheel running 
In order to analyse how physical activity influences brain activity and BDNF protein level, 
mice at 8 weeks of age were either housed under standard or voluntary wheel-running 
conditions. In case of the exercising animals, the running wheel (TSE-Systems) was 
placed in the home cage for 4 weeks and the animals could run in the wheel 24 h per day 
voluntarily. All mice were kept under standard laboratory conditions in a 12h light/dark 
cycle, controlled temperature (21°C) and access to food and water ad libitum. After 4 
weeks electrophysiological experiments were performed on the exercising animals and 
corresponding sedentary controls. 
 
2.3.12 Electrophysiology  
Long-term potentiation of synaptic transmission has emerged as the primary experimental 
model for studies of activity-dependent synaptic processes of learning and memory in 
vertebrates (Bliss and Collingridge, 1993). The hippocampus has proven to be an ideal 
experimental model for investigation of synaptic function and plasticity because of its re-
tained cyto-architecture and synaptic circuits after preparation of acute slices (Lein et al., 
2011). 
Preparation of hippocampal acute slices 
For the electrophysiological measurements transversal hippocampal acute slices were 
prepared. Mice were briefly anaesthetised and immediately decapitated. The brain was 
dissected, the remaining meninges were removed and the brain rapidly transferred into 
cold carbogenated ACSF. Afterwards the cerebellum and the anterior portion of the brain 
were cut off and the two hemispheres were separated by cutting along the midline. The 
hippocampus was gently isolated from each hemisphere by removing the cortex above it. 
For slicing the hippocampus in 400 µm transversal slices it was placed onto an ACSF-
soaked filter paper which was previously put on the slicing stage of the manual tissue sli-
cer (Stoelting). The hippocampus was orientated in relation to the blade and cut transver-
sally at an angle of about 70° to the fimbria. The slices were gently transferred onto the 
net in the recording chamber and positioned in a manner that facilitates electrode location 
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and recordings. Afterwards the hippocampal slices were incubated surrounded by car-
bogen saturated ACSF for 2h at 32°C. 
Extracellular recordings of CA3-CA1 responses  
All these experiments were performed on an electrophysiology setup used for field poten-
tial recordings. Here an interface brain chamber was used to incubate the hippocampal 
acute slices and maintain them during electrophysiological recordings. A constant perfu-
sion of carbogenated ACSF (flow rate 1 ml/min) and a temperature of 32°C were ensured 
within the interface chamber. For the extracellular recordings the stimulating electrode 
was placed in the stratum radiatum of CA3 region and the recording electrode in the api-
cal dendritic region of CA1 at a depth of about 200 µm to record field excitatory postsy-
naptic potential (fEPSP) responses. For both stimulation and recording purposes stainless 
steel electrodes of 5 MΩ resistance sealed in a borosilicate glass capillaries (Biomedical 
Instruments, Germany) previously pulled with a horizontal pipette puller (P-97, Sutter In-
struments, USA), were used. When electrodes were placed at the slices a test stimulus 
was given to ensure a proper fEPSP signal. For the test stimulus biphasic, constant-
current pulses with an impulse duration of 0.1 msec/half-wave were applied and the re-
sponses were monitored with the IntraCell software. Once a proper fEPSP signal was 
obtained, the slices were allowed to rest for 20 min. After the time of recovery the input-
output relation for each input was determined by measuring the slope value at a range of 
current intensities starting at 100 µA to 600 µA in intervals of 50 µA. The current intensity 
was increased until the fEPSP slope showed the first population spike which represented 
the maximum slope that can be achieved. The stimulus intensity was then set to elicit a 
fEPSP slope of 40 % for the maximum slope. This intensity was kept constant throughout 
the experiment. Recording was started after a further resting time of 20 min. To investi-
gate long-term activity-dependent synaptic plasticity LTP experiments were performed. 
Here a stable baseline was recorded for 20 min followed by a theta burst stimulation pro-
tocol (TBS) to induce LTP and a subsequent recording for another 60 min. For the base-
line and LTP recordings a stimulation protocol of four sweeps of 0.2 Hz biphasic, con-
stant-current pulses (0.1 ms/polarity) given every 3 min were used while the induction of 
LTP via TBS stimulation consisted of four bursts at 100 Hz repeated ten times in a 200 ms 
interval (5 Hz) which are repeated three times in a ten second interval (0.1 Hz). This 
stimulus is more physiological, because it equals the theta rhythm observed in the hippo-
campus (Bland, 1986) and leads to a higher release of BDNF (Gartner and Staiger, 2002). 
Analysis was performed by calculation of the potentiation ratio as percentage of the 
fEPSP value compared to the average value of the baseline. 
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Basal synaptic transmission was examined by the relation of afferent stimulation to fEPSP 
slope where the slope size correlated to defined stimulus intensities (input-output curve). 
Investigation of presynaptic function and short-term plasticity was performed by making 
use of the paired-pulse facilitation (PPF) paradigm. Here two closely separated pulses 
were applied with given inter-stimulus intervals (ISI) of 10, 20, 40, 80 and 100 ms. Gener-
ally the second pulse revealed a higher fEPSP response in comparison to the first one. 
Both the input-output relation and the PPF were determined at 32°C. 
For statistical analysis an unpaired two-tailed Student’s t-test was performed by using 
Microsoft Excel. Values of p<0.05 were considered as being statistical significant. The 
significance level are represented as *p<0.05; **p<0.01; ***p<0.001. Data are represented 
as mean ± SEM. 
 
2.3.13 Biochemistry (ELISA, Western Blot) 
2.3.13.1  Preparation of brain lysates and determination of protein concentration 
(Bradford) 
Brain tissue samples (hippocampus, cortex, striatum) were taken from 8 weeks old seden-
tary mice and also after exercise in the running wheel and performance of the MWM 
learning paradigm. The collected samples were immediately frozen with liquid nitrogen 
and afterwards stored by -20°C until the preparation of the brain lysates. Brain tissue was 
thawed on ice and resuspended in cold brain lysis buffer containing 0.4 mM AEBSF, 2 µM 
Pepstatin-A and Trasylol in a ratio of 1 mg tissue wet weight to 1 ml brain lysis buffer. Fol-
lowing this, tissue was homogenised with an Eppendorf homogeniser and sonicated two 
times for 10 sec with a 60 sec break on ice in between. Then the protein lysate was incu-
bated for 20 min on ice and centrifuged for 45 min at 19,000 x g and 4°C. The supernatant 
was transferred into a fresh Eppendorf tube and protein concentration from the tissue lys-
ates was determined by Bradford protein assay. BSA stock solution (1 mg/ml in PBS) was 
used as standard with ascending concentrations from 10 µg/ml to 200 µg/ml. Protein dilu-
tions between 1:100 and 1:800 were applied. 20 µl of the standard concentration and the 
respective protein dilutions were applied to a 96-well ELISA microplate (Nunc, Maxisorb) 
followed by an addition of 100 µl Bradford reagent to each well. The reagent was incu-
bated 5 to 15 min at RT in the dark. After incubation the extinction was measured at a 
wavelength of 595 nm using a microplate reader (Dynatech Laboratories). Due to the ex-
tinction values of the BSA standard curve, the protein concentrations of the protein lysates 
were calculated using linear regression analysis. 
 
44 | MATERIAL AND METHODS 
 
2.3.13.2 SDS polyacrylamide electrophoresis and Western Blot analysis 
Sodium dodecyl sulfate polyarcylamide gel electrophoresis (SDS PAGE) is a widely com-
mon analytic method to separate denaturised proteins according to their molecular weight. 
With this method, the separation of the proteins takes place in regard to the different con-
centrations of polyarcylamide (PAA) within the gels. 10 % PAA gels were used with a size 
of 6 x 8 x1 cm and prepared in a gel casting chamber (Sigma Chemical Co., St. Louis, 
USA, Model C 4072) with the reagents described in Table 8: 
Table 8: Reagents used for the preparation of 10 % PAA gels 
Separating gel [10 %] Stacking gel 
H2O                                           50 ml H2O                                          31.0 ml 
Separating gel buffer                 30 ml Stacking gel buffer                   12.5 ml 
Acrylamide/Bis-acrylamide         40 ml Acrylamide/Bis-acrylamide          6.5 ml 
800 µl 10 % APS und 40 µl TEMED 1000 µl 10 % APS und 50 µl TEMED 
 
To denaturise the proteins 4 x SDS buffer containing 10 % β-mercaptoethanol was added 
to the prepared tissue lysates (section 2.2.13.1). Further, the samples were incubated for 
5 min at 98°C. 70-100 µg of protein per lane were loaded onto the gels and the proteins 
were separated by the following settings: 240 V, 100 W and 10 mA per gel. After reaching 
the separation gel the current was increased to 25 mA per gel. As reference a protein 
weight standard (Page Ruler Plus Protein Ladder, Thermo Fischer Scientific) was also 
loaded. To visualise the separated proteins the gel were stained with Coomassie Brilliant 
Blue. For the detection of specific protein out of the mixture of proteins a western blot 
analysis was performed. Separated polypeptides were transferred onto a nitrocellulose 
membrane via a semi-dry electro blotter. Here, an electric current pulls the proteins from 
the PAA gel into the nitrocellulose membrane while maintaining the separation pattern as 
before. For the transfer the PAA gel was placed on top of the nitrocellulose membrane 
and both were covered on top and at the bottom with 5 sheets of filter paper (Whatman 
paper, Roth), each. All components were equilibrated in blotting buffer containing 10 % 
methyl alcohol whereby the nitrocellulose was equilibrated for 30 min and the PAA gel for 
10 min. The sandwich was placed in the transfer apparatus with direct contact to the elec-
trodes. The proteins were transferred at a voltage of 100 V and a current of 100 mA per 
gel for 15 min. The effectiveness and uniformity of the protein transfer was verified by a 
reversible staining of the nitrocellulose membrane with Ponceau S (Serva). The mem-
brane was further incubated in 5 % milk diluted in TBS-T for 1 hour to reduce unspecific 
bindings of the primary antibody. Following this, the membrane was washed with TBS-T 
and then incubated overnight at 4°C with the respective primary antibody dilution (see 
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section 2.14 Antibodies, WB). Afterwards the membrane was washed with  TBS-T to re-
move unbound primary antibodies and incubated with the secondary antibody dilution 
(goat anti-mouse/rabbit IgG HRP conjugated) for at least 1h at RT. Both the primary and 
secondary antibodies were diluted in TBS-T (section 2.14 Antibodies). After the antibody 
incubation membrane was washed several times with TBS-T and  TBS-X and further in-
cubated with the Western Blot HRP substrate Luminata (Millipore) for 5 min at RT. For the 
detection of the emitted chemoluminescent signals x-ray films (Pierce) were used. 
 
2.3.13.3 Determination of BDNF secretion in acute hippocampal slices  
For the determination of BDNF release 400 µm-thick hippocampal slices were prepared 
from 8-10 weeks old mice (see preparation of acute slices; section 2.3.12) and incubated 
2h at RT. For the analysis of the BDNF secretion 5-6 acute hippocampal slices per well 
were used. Hippocampal slices were incubated in Hepes-buffer medium 30 min at 32°C 
for equilibration purposes and afterwards washed three times with Hepes-buffered me-
dium. Then the hippocampal slices were incubated for 5 min at 32°C in 300 µl of Hepes-
buffered medium to analyse the basal secretion of BDNF. Following this, the supernatant 
was collected and immediately frozen in liquid nitrogen. The slices were incubated for 
another 5 min in 300 µl of a stimulating medium containing 50 mM KCl in Hepes-buffered 
medium (Gärtner and Staiger, 2002). After stimulation a second sample was taken, im-
mediately frozen in liquid nitrogen and stored at -20°C.To determine the BDNF concentra-
tion in the taken samples before and after stimulation with 50 mM KCl a two-site BDNF 
sandwich ELISA (Biosensis; see section 2.3.13.4) was performed. 
 
2.3.13.4 Detection of BDNF via BDNF Immunoassay 
In order to quantify the amount of BDNF in cell culture supernatant and in protein lysate 
from brain tissue (see section 2.3.13.1 preparation of brain lysate) the detection of BDNF 
was performed using a BDNF sandwich ELISA kit (BEK-2003-2P, Biosensis) according to 
the manufactures’ instructions. Recombinant mouse BDNF (10 ng/ml) was used as stan-
dard with ascending concentrations from 7.8 pg/ml to 1000 pg/ml diluted in sample diluent 
buffer. The protein lysates were adjusted to a concentration of 1 mg/ml by diluting it with 
sample diluent buffer and further diluted in sample diluent buffer by performing serial dilu-
tions from 1:2 to 1:32. Hereby protein dilutions between 1:8 and 1:32 were used. The cell 
culture supernatants were not diluted. A total volume of 100 µl/well from the standard con-
centrations and the respective samples were applied to the microtiter plate precoated with 
a mouse monoclonal anti-BDNF capture antibody and incubated overnight at 4°C on a 
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shaker. Afterwards, the plate was washed 3-5 times with 0.01 M PBS. To improve the 
sensitivity the Biotin-Avidin system was used. Therefore, 100 µl of a biotinylated BDNF 
antibody diluted 1:100 in antibody diluent buffer was added to each well. The biotinylated 
antibody working solution was incubated for 2h at RT by agitation. The plate was washed 
again 3 times and then an Avidin-Biotin-Peroxidase complex (ABC) binding to the 
biotinlyated detection antibody was applied. The ABC was previously diluted 1:100 in ABC 
diluent buffer and 100 µl of the ABC working solution were added to each well. After 1h 
incubation at RT the microtiter plate was washed again 5 times with 0.01 M PBS allowing 
the wash buffer to remain in the wells for 1-2 min. Then 90 µl of the substrate solution 
TMB colour developing agent was added to each well and incubated 15 min at RT in the 
dark. The substrate TMB (3,3’,5,5’-Tetramethylbenzidine) detects peroxidase activity by 
developing a blue coloured reaction product after reaction with peroxidase. The intensity 
of the coloured product is directly proportional to the concentration of BDNF present in 
samples and protein standard. Application of 100 µl/well TMB stop solution stopped the 
enzymatic reaction and turned the developed soluble blue reaction product into a yellow 
product. The extinction was measured immediately at a wavelength of 450 nm using a 
microplate reader (Dynatech Laboratories). The BDNF concentration of the cell culture 
supernatant was interpolated from the BDNF standard curve using linear regression 
analysis. 
Statistical analysis was performed with Microsoft Excel and GraphPad Prism. Data ob-
tained from two experimental conditions were statistical tested by performing an unpaired 
two-tailed Student’s t-test. In the case of more than two conditions, significance level was 
determined using a one-way ANOVA followed by a post-hoc Tukey's Multiple Comparison 
Test. Values of p<0.05 were considered as being statistical significant. Significance levels 
are indicated as *p<0.05; **p<0.01; ***p<0.001. All data are represented as mean ± SEM. 
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3 RESULTS 
The neurotrophin brain-derived neurotrophic factor (BDNF) has been proposed to be a 
crucial factor in promoting neuronal survival and differentiation during development as well 
as activity-dependent synaptic plasticity in the mature central nervous system (Huang and 
Reichardt, 2001, Bramham and Messaoudi, 2005, Lu et al., 2008). Interestingly previous 
work showed a specific and overall selective requirement for BDNF in maintaining and 
modulating neuronal architecture within different brain regions (Rauskolb et al., 2010, 
Kellner et al, 2014, Remus, 2012) as well as in regulating long-term potentiation (LTP) 
(Minichiello et al., 1999; Zakharenko et al., 2003). Consistent with its role in activity-
dependent synaptic plasticity which underlies memory processing and storage (Kandel, 
2001) there is also evidence suggesting that BDNF is also crucial for learning and mem-
ory (Tyler et al., 2002, Pang and Lu, 2004). 
The focus of this thesis was to investigate the role of BDNF in modulating the neuronal 
structure and its part in learning and memory processes. In particular the consequences 
of a dysregulation in the balance of the neurotrophic system were addressed. Therefore, 
different animal models were used in which the expression of BDNF is either eliminated or 
elevated. In the first part of the work, BDNF signalling was eliminated and its impact on 
the modulation and maintenance of neuronal structure was examined. The second part of 
this thesis deals with the influence of BDNF in learning and memory processes using a 
BDNF gain of function mouse model.  
 
3.1 Role of BDNF in modulating and maintaining neuronal structure  
BDNF is considered to be involved in modulating neuronal differentiation and architecture 
either during development or during activity-dependent synaptic plasticity (McAllister et al., 
1997; Tanaka et al., 2008; Korte, 2008). However, there are some discrepancies between 
data derived from in vitro studies versus in vivo data. While application of BDNF positively 
modulates the morphology of dendrites and dendritic spines in cortical and hippocampal 
neurons (McAllister et al., 1995, 1996; Horch et al., 1999), examination of a global BDNF-
deprived mouse model (cbdnf ko) resulted in an unaffected neuronal architecture and very 
minor structural changes in the dendritic spines within the same brain regions (Rauskolb 
et al., 2010; Kellner et al., 2014; Remus, 2012). Interestingly, postnatal dendritic growth of 
inhibitory striatal GABAergic medium spiny neurons as well as cortical and hippocampal 
GABAergic interneurons were impaired in absence of BDNF (Rauskolb et al., 2010; Re-
mus, 2012). This is consistent with previous reports showing that the growth response to 
BDNF is larger in GABAergic neurons compared to pyramidal neurons (Vicario-Abejón et 
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al., 1998). The differentiation and dendritic development of GABAergic neurons in the 
striatum (Mizuno et al., 1994) as well as in the hippocampus and cerebral cortex are pro-
moted by secretion of BDNF (Marty et al., 1996; Rutherford et al., 1997; Yamada et al., 
2002). All experimental evidence points to a specific function of BDNF in modulating and 
maintaining the architecture of specific neuronal subtypes. However, the underlying 
mechanism underlying this specificity is still unclear. 
In the first part of the work the consequences of a BDNF depletion on the activation of the 
BDNF-TrkB signalling cascade were investigated in hippocampal excitatory and inhibitory 
neurons. 
 
3.1.1 Detection of BDNF protein upon cre-mediated recombination reveals a re-
duction of BDNF over time in primary hippocampal neurons 
To determine the responses of different neuronal subpopulations of the hippocampus after 
loss of BDNF, hippocampal primary neurons derived from mice carrying two floxed bdnf 
alleles were cultivated and thereafter infected with a cre-recombinase expressing lenti-
virus (Ubc Crig) to deplete BDNF. Here a successful viral transduction was visualised via 
the parallel expression of eGFP. To examine whether the cre-induced recombination 
caused a depletion of BDNF in hippocampal primary cultures, the BDNF expression level 
was investigated with an immunohistochemical approach (Figure 3-1A) and with an im-
munoassay using a BDNF-specific sandwich ELISA (Figure 3-1C). Immunolabelling of 
BDNF was performed in 21 days in vitro (DIV) old primary hippocampal cultures. Com-
parative measurements of the fluorescence intensity levels of BDNF-labelled cells re-
vealed a significant reduction of BDNF expression in virally infected cultures in compari-
son to controls (control: 100 ± 9.57 %; BDNFΔ: 68.03 ± 6.55 %, p = 0.011) (Figure 3-1B). 
To investigate the BDNF expression over the cultivation period samples of the cell culture 
supernatant were taken every 7 days up to 21 DIV and the amount of BDNF was deter-
mined by ELISA (Figure 3-1D). Upon BDNF deletion the BDNF protein level was progres-
sively decreasing over the 3 weeks of consistent with the results of the immunohistochem-
istry. In contrast to the detected reduction in BDNF-depleted hippocampal cultures, the 
amount of BDNF appeared to increase progressively under control conditions within the 
same time period (DIV7: control: 100 ± 48.27 vs. BDNFΔ: 152.99 ± 37.48 %, p = 0.45; 
DIV14: control: 185.47 ± 49.43 % vs. BDNFΔ: 98.16 ± 24.89 %, p = 0.15). The strongest 
reduction could be observed at DIV21 where BDNF protein levels were significantly lower 
in viral infected primary cultures compared to controls (DIV21: control: 264.96 ± 48.06 % 
vs. BDNFΔ: 72.42 ± 18.04 %; p = 0.02). In sum, the data obtained indicates a successful 
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cre-mediated recombination of bdnf accompanied by a significant depletion of BDNF in 
Ubc Crig transduced primary cultures. 
 
 
Figure 3-1. Determination of BDNF protein level in control and viral infected primary hippocampal 
cultures. A: Representative immunofluorescence images showing immunolabelling of BDNF in 
primary hippocampal neurons from control (bdnf 
lox/lox
; left) and Ubc Crig lentivirus transduced neu-
rons (BDNF ∆, right). BDNF was detected in 21 days in vitro (DIV21) old cultures immunolabelled 
with a primary antibody against BDNF. B: Quantification of the BDNF immunohistochemical stain-
ing showed a reduced BDNF signal after cre-mediated recombination (red) compared to control 
(grey). C: Confocal immunofluorescence images showing eGFP expression in control hippocampal 
neurons (left) and BDNF depleted neurons after transduction with the cre-expressing lentivirus Ubc 
Crig virus (BDNF ∆, right), D: BDNF protein level was quantified in cell culture supernatant of pri-
mary hippocampal neurons from control and BDNF depleted cultures (Ubc Crig) by a sandwich 
BDNF ELISA. Data obtained are represented as mean ± SEM. Statistical significance was deter-
mined using a one-way ANOVA followed by a post-hoc Tukey's Multiple Comparison Test: 
(*p<0.05).; scale bar 100 µm. Numbers in the columns correspond to the number of analysed cells 
(B) respectively for the immunoassay to the number of experiments where 3 repetitions and 3 dif-
ferent samples per cultivation day were used.  
 
3.1.2 Activation of BDNF receptor TrkB is regulated differently in excitatory and 
inhibitory neurons within the hippocampus 
The consequences of BDNF depletion on neuronal architecture has been described in 
previous reports indicating that BDNF promotes the differentiation and dendritic develop-
ment of GABAergic neurons in the striatum (Rauskolb et al., 2010), cerebral cortex as well 
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as in the hippocampus (Remus, 2012). Interestingly, the absence of BDNF did not affect 
excitatory neurons of the hippocampus or cerebral cortex. This leads to the assumption 
that signalling downstream of BDNF might be regulated differently in excitatory and inhibi-
tory neurons. The BDNF receptor TrkB - a positive regulator of neuronal morphology (Lu 
et al., 2005) - is a possible candidate to maintain the dendritic structure of excitatory neu-
rons even in the absence of its ligand BDNF. Hence, the activation of the TrkB receptor 
was analysed by measuring the fluorescence intensity level of immunolabelled phosphory-
lated TrkB at tyrosine 705/760 in primary hippocampal neurons. To distinguish the phos-
phorylation status of TrkB in different neuronal cell types, antibodies against CamKII as 
marker for excitatory neurons (Figure 3-2A) and antibodies against Calbindin as marker 
for inhibitory neurons (Figure 3-2C) were used. Upon depletion of BDNF the phosphoryla-
tion of TrkB was significantly reduced in Calbindin positive primary hippocampal interneu-
rons compared to control cells (control: 100 ± 2.56 % vs. BDNFΔ: 75.76 ± 2.56 %; 
p<0.001) (Figure 3-2D). The opposite effect was observed in excitatory neurons. Here the 
phosphorylation of the TrkB receptor was indistinguishable between BDNF depleted and 
control hippocampal neurons (control: 100 ± 2.42 % vs. BDNFΔ: 100.04 ± 6.44 %, 
p = 0.99) (Figure 3-2B). The observed results emphasise the assumption that the activa-
tion of the TrkB signalling cascade is reduced in inhibitory neurons of primary hippocam-
pal neurons, whereas hippocampal excitatory neurons are not affected and showed a 
normal phosphorylation level of TrkB even after loss of its ligand BDNF. 
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Figure 3-2. Quantification of TrkB phosphorylation in excitatory and inhibitory control and BDNF 
depleted primary hippocampal cultures. Confocal images (A, C) showing eGFP (left), phospho-
TrkB (Y705/706; middle) and CamKII positive excitatory (A, right) and Calbindin positive inhibitory 
neurons (C, right); scale bar 100 µm. Quantification reveals a dramatic reduction in TrkB receptor 
phosphorylation in BDNF depleted Calbindin positive interneurons (D) while the phosphorylation 
level was unaltered in BDNF depleted CamKII positive excitatory neurons (B).Numbers in the bar 
graphs correspond to the number of analysed neurons. All results obtained are represented as 
mean ± SEM (***p<0.001, Student's t test). 
 
3.1.3 Activation of TrkB signalling is independent of its ligand BDNF in hippocam-
pal excitatory neurons  
In view of the unaltered phosphorylation levels of the TrkB receptor in hippocampal excita-
tory neurons, the next aim was to further examine the mechanism mediating the activation 
of the TrkB receptor in absence of its ligand BDNF in more detail. As previously described 
BDNF is not the only member of the neurotrophin family which is able to activate the TrkB 
receptor. Neurotrophin-4 (NT-4) has also the ability to bind to the TrkB receptor (Chao, 
2003). This BDNF-independent activation of the TrkB receptor could thus maintain the 
neuronal structure of excitatory neurons in the hippocampus. To examine the influence of 
the NT-4 mediated activation of the TrkB receptor the phosphorylation level of TrkB was 
quantified in excitatory primary hippocampal neurons (Figure 3-3A). Therefore, primary 
hippocampal control and BDNF depleted cultures were treated with TrkB-Fc receptor bod-
ies (0.5 µg/ml) which scavenge BDNF as well as NT-4. Immunohistochemistry against 
phopho-TrkB and CamKII as marker for excitatory neurons was performed. The phos-
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phorylation level of the TrkB receptor remained unchanged in BDNF and NT-4 depleted 
excitatory neurons in comparison to non-treated control cells (control: 100 ± 2.42 % vs. 
BDNFΔ: 91.41 ± 6.60 %, p = 0.195) (Figure 3-3B). In sum, these results demonstrate that 
NT-4 is not required for the activation of the TrkB receptor after loss of BDNF. 
 
 
Figure 3-3. TrkB receptor activation. A, Representative immunoflourescence images showing 
eGFP as a control for the transduction (above), phospho-TrkB (Y705/Y706; middle) and CamKII 
positive excitatory (below); scale bar 100 µm. B, Comparison of phospho-TrkB fluorescence inten-
sity level in TrkB-Fc (0.5 µg/ml) treated and non-treated controls as well as in BDNF and Neurotro-
phin-4 (NT-4) depleted cultures. C, Fluorescence intensity analysis of the TrkB phosphorylation in 
either non-treated or treated with CaEDTA (1.5 mM) primary hippocampal cultures as well as in 
BDNF and zinc depleted cultures. D, Quantification of TrkB phosphorylation level in hippocampal 
neurons either treated with PP3 as control (PP3) or treated with SFK inhibitor PP2 (0.5 µM) as well 
as BDNF depleted neurons after SFK inhibitor treatment. All results are presented as mean ± SEM. 
Statistical analysis was performed with a one-way ANOVA followed by a post-hoc Tukey's Multiple 
Comparison Test (*p<0.05).  
 
As shown above it could also be excluded that NT-4 signalling via TrkB maintains the 
dendritic architecture of excitatory neurons in absence of BDNF (Remus, 2012). However, 
there is also evidence for a neuotrophin-independent transactivation of the TrkB receptor 
via G protein-coupled receptor (GPCR) ligands such as adenosine (Lee and Chao, 2001; 
Rajagopal et al., 2004) and zinc-mediated Src family kinases (SFK) (Huang et al., 2008; 
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Huang and McNamara, 2010). Further work also revealed that zinc-mediated SFK activa-
tion is involved in maintaining the neuronal structure and spine density of excitatory hip-
pocampal neurons after BDNF depletion but not the dendritic spine phenotype (Remus, 
2012). Due to these prior studies and the results obtained so far it is likely that transactiva-
tion events at the TrkB receptor could also be involved in the maintenance of the TrkB 
phosphorylation in excitatory neurons after BDNF depletion. Therefore, the hypothesis 
that the divalent cation zinc transactivates indirectly the TrkB receptor through activation 
of SFK was tested. For this purpose primary hippocampal neurons were treated once 24h 
after the preparation with the chelator CaEDTA (1.5 mM) to scavenge divalent cations like 
zinc (adapted from Frederickson et al., 2002; Huang et al., 2008). Evaluation of phos-
phorylated TrkB in treated hippocampal cultures revealed no differences either in zinc-
depleted neurons (+CaEDTA) (control: 100 ± 2.42 % vs. +CaEDTA: 104.04 ± 7.26 %, 
p = 0.54) nor in neurons lacking both zinc and BDNF (BDNF∆ + CaEDTA) (control: 
100 ± 2.42 % vs. BDNF∆ + CaEDTA: 103.82 ± 5.73 %, p = 0.54) compared to control neu-
rons (Figure 3-3C). Next, the activation of TrkB specifically through SFK was analysed by 
application of the selective inhibitor of the SFK PP1 or its analogue PP2 (0.5 µM) to pri-
mary hippocampal neurons. As control the inactive structural SFK inhibitor analogue PP3 
was applied. To investigate how inhibition of the SFK could influence the transactivation of 
TrkB, the TrkB phosphorylation level at position Y705/706 by immunohistochemistry was 
quantified. Analysis of primary hippocampal neurons treated with the SFK inhibitor ana-
logue PP2 revealed only mild non-significant changes in the TrkB phosphorylation level 
(PP3: 100 ± 2.03 % vs. PP2: 89.01 ± 1.89 %) even in absence of BDNF (PP3: 100 ± 
2.03 % vs. PP2 +BDNF∆: 89.62 ± 2.84 %) (Figure 3-3D). Application of the SFK inhibitor 
PP1 did not affect the phosphorylation of Y705/706 in excitatory hippocampal neurons as 
well (PP3: 100 ± 2.03 %; PP1: 95.35 ± 1.48 %; p =0.06 ). Interestingly in combination with 
the depletion of BDNF the phosphorylation level was significantly decreased in compari-
son to control situation (PP3: 100 ± 2.03 % vs. PP1 +BDNF∆: 83.43 ± 6.54 %; p = 0.0078) 
(Figure 3-3C). Due to the shown alterations in the TrkB phosphorylation level, the next 
step was to examine whether the inhibition of the SFK - which in turn promotes the trans-
activation of TrkB - could also influence neuronal structure. Sholl analysis of the dendritic 
structure showed a slight decreased dendritic complexity in SFK inhibitor PP1 treated 
neuronal cultures in comparison to controls which was not further reduced after loss of 
BDNF. However summarising of the data obtained in the Sholl analysis revealed an even 
lower complexity. Especially SFK inhibition in absence of BDNF showed a significant re-
duced total dendritic complexity compared to control cells (total dendritic complexity: PP3: 
177.29 ± 19.28 vs. PP1: 145.18 ± 9.36 p = 0.124; PP1 + BDNFΔ: 134.73 ± 10.56 intersec-
tions, p = 0.043) (Figure 3-4A). Also the effect of the SFK inhibition on dendritic spines 
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was examined. The spine density was significantly lower in primary hippocampal neurons 
treated with the SFK inhibitor PP1 when compared to control neurons (PP3: 1.51 ± 0.07 
vs. PP1: 1.26 ± 0.07 spines/µm dendrite; p = 0.024) (Figure 3-4B). Comparable to the 
results of the dendritic complexity, analysis of BDNF depleted cultures treated with the 
SFK inhibitor PP1 showed no further reduction in the spine density (PP3: 1.51 ± 0.07 vs. 
PP1 + BDNFΔ: 1.25 ± 0.06 spines/µm dendrite, p = 0.01). Taken together, the data above 
lead to the hypothesis that in the hippocampus the TrkB receptor can be transactivated in 
the absence of BDNF in a neurotrophin-independent manner by a zinc-meditated activa-
tion of Src family kinases. This TrkB kinase-independent phosphorylation could possibly 
be able to maintain the neuronal structure and spine density of excitatory hippocampal 
neurons after BDNF depletion. 
 
Figure 3-4. Dendritic structure and activation of the TrkB receptor after inhibition of Src-family 
kinases (SFK). A, Representative tracing of control (PP3, grey), PP1 treated (dark blue) and PP1 
treated BDNF depleted (PP1+ BDNF∆, light blue) primary hippocampal neurons; scale bar 100 µm. 
B, Sholl analysis and total dendritic complexity of primary hippocampal neurons treated with SFK 
inhibitor (PP1, 0.5 µM) as well as BDNF depleted neurons after SFK inhibitor treatment compared 
to controls. C, Spine density of primary hippocampal neurons treated with SFK inhibitor PP1 re-
vealed a significant reduction in comparison to control cultures. D, Quantification of TrkB phos-
phorylation level in control hippocampal neurons treated with SFK inhibitor PP1 were unaltered 
whereas BDNF depleted neurons after SFK inhibitor treatment showed a significant decrease in 
the TrkB phosphorylation when compared to non-treated control neurons. All results are presented 
as mean ± SEM. Statistical analysis of data from the Sholl analysis was performed with a two-way 
repeated ANOVA. For the total dendritic complexity (inserted bar graph), spine density and TrkB 
phosphorylation statistical significance was determined using an unpaired two-tailed Student’s t-
test (*p<0.05; **p<0.01). 
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3.1.4 BDNF deprivation in dentate gyrus granule cells 
Pyramidal cells in the cornu ammonis (CA) region and granule cells in the dentate gyrus 
(DG) are the two principal neuronal types of excitatory neurons in the hippocampal forma-
tion. The dentate gyrus is of particular importance due to its high expression level of 
BDNF (Hofer et al., 1990; Conner et al., 1997; Berchtold et al., 1999). Pyramidal neurons 
of the hippocampus as well as of the cerebral cortex exhibited no differences concerning 
their neuronal complexity and connectivity (Rauskolb et al., 2010; Remus, 2012). In this 
thesis the influences of BDNF deprivation were analysed on dentate granule cells. Re-
markably, granule cells of cbdnf ko mice showed a clearly altered neuronal structure in 
comparison to wildtype mice. Quantitative evaluation of the dendritic complexity revealed 
a severe reduction (total dendritic complexity: wildtype: 133.55 ± 12.22 vs. cbdnf ko: 90.38 
± 6.70 intersections; p = 0.008) especially in the distal part of their dendritic trees (be-
tween 120 and 250 µm, p<0.001) (Figure 3-5A). In accordance with the altered neuronal 
structure an impaired spine density was detected as well (Figure 3-5B). The density of 
dendritic spines from cbdnf ko granule cells displayed a significant decrease compared to 
littermate control cells (wildtype: 1.72 ± 0.03 vs. cbdnf ko: 1.5 ± 0.05 spines/µm dendrite; 
p = 0.0005). The observed impaired morphological phenotype in cbdnf ko leads to the 
question of whether the TrkB signalling cascade is also affected in dentate gyrus granule 
cells. For this purpose primary hippocampal cultures were used in which the phosphoryla-
tion status of the TrkB receptor at Tyr-705 /Tyr-706 was quantified in primary granule cells 
positive for Prox-1 (Figure 3-5E). The analysis revealed a significantly decreased phos-
phorylation of TrkB in Prox-1 positive granule cells compared to controls (control: 100 ± 
3.18 % vs. BDNF∆: 80.29 ± 5.11 %; p = 0.0017) (Figure 3-5F). Furthermore, dendritic 
complexity of primary hippocampal granule cells was determined by Sholl analysis of 
Prox-1 positive cells in either presences or absence of BDNF. Dendritic complexity of 
Prox-1 primary granule cells was indistinguishable between BDNF depleted and control 
primary hippocampal cultures (total dendritic complexity: control: 142.12 ± 8.65 vs. 
BDNF∆: 140.73 ± 5.57 intersections, p = 0.892) (Figure 3-5C). Consistently with the spine 
density decrease observed in dentate gyrus granule cells ex vivo, the density of dendritic 
spines in primary granule cells was also decreased in comparison to control cells (control: 
1.73 ± 0.06 vs. BDNF∆: 1.56 ± 0.07 spines/µm dendrite; p=0.099) (Figure 3-5D). In sum-
mary these results indicate that BDNF deprivation leads to major changes in the neuronal 
architecture as well as spine density of dentate gyrus granule cells and additionally influ-
ences the activation of the TrkB receptor. My findings are consistent with previous reports 
in which BDNF plays a crucial role in regulating the dendritic arborisation of excitatory 
neurons in the dentate gyrus (Danzer et al., 2002; Tolwania et al., 2002; Gao et al., 2009). 
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Figure 3-5. Neuronal architecture of dentate gyrus granule cells from wildtype and cbdnf knock-out 
animals and quantification of phosphorylated TrkB in Prox-1 positive primary granule cells. A, Sholl 
analysis and total dendritic complexity of hippocampal granule cells from cbdnf ko mice in compari-
son to wildtype. B, Confocal images demonstrating DiI labeled dendrites from wildtype and cbdnf 
ko neurons; scale bar 5μm. Spine density of dentate granule cells showing a dramatic reduction in 
cbdnf ko mice C, Representative tracing comparing the morphology of Prox-1 positive primary 
granule cells in control (grey) and BDNF depleted (red) primary hippocampal cultures; scale bar 
100 µm. Sholl analysis and dendritic complexity of Prox-1 positive primary granule cells remained 
unchanged in BDNF depleted cultures compared to controls. D, Spine density of primary Prox-1 
positive granule cells from control and BDNF depleted primary hippocampal cultures. E, Confocal 
immunofluorescence images showing eGFP as a control for the transduction (left), phospho-TrkB 
(Y705/Y706; middle) and Prox-1 positive primary granule cells (right); scale bar 100 µm. F, Quanti-
fication of the TrkB phosphorylation at phosphorylation sites Y705/Y706 in BDNF depleted primary 
Prox-1 positive granule cells (red) compared to control granule cells (grey). All data are repre-
sented as mean ± SEM (*p<0.05; **p<0.01, two-way repeated ANOVA (Sholl analysis), unpaired 
two-tailed Student's t test (total dendritic complexity (inserted bar graph), spine density and TrkB 
phosphorylation level). 
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3.1.5 Impact of BDNF deprivation on activity-dependent synaptic plasticity proc-
esses 
The role of BDNF in activity-dependent synaptic plasticity processes was examined via 
electrophysiological experiments by induction of long-term potentiation at the CA3 - CA1 
pathway in 8 weeks old hippocampal acute slices of a BDNF deprived mouse model 
(cbdnf ko). Schaffer collaterals in the stratum radiatum of the CA3 region were stimulated 
and synaptic responses were recorded as field excitatory postsynaptic potentials 
(fEPSPs) in the apical dendritic region of CA1 pyramidal neurons. For LTP recording the 
stimulus strength was adjusted to elicit a fEPSP slope value of 40 % for the maximum 
slope. After recording of a stable baseline for at least 20 min LTP was induced by applica-
tion of a theta burst stimulus. Thereafter, the recording was continued for further 60 min. 
According to reports suggesting that sex gonadal hormones in particular oestrogens influ-
ence the regulation of BDNF expression and production (Zhou et al., 2005; Begliuomini et 
al., 2007) male (Figure 3-6) and female animals (Figure 3-7) of the two genotypes were 
analysed separately. In hippocampal acute slices of cbdnf ko male mice LTP was suc-
cessfully induced and showed higher fEPSP slopes values already from the beginning 
until the end of LTP recordings in comparison to littermate controls (post tetanic potentia-
tion (PTP) - wildtype: 165.7 ± 19.24 % vs. cbdnf ko: 182.0 ± 22.16 %, p = 0.59) (Figure 
3-6A). Within the final 10 min of LTP recordings the average potentiation was slightly 
higher in cbdnf ko hippocampal acute slices compared to wildtype slices (wildtype: 141.6 
± 7.67 % vs. cbdnf ko: 163.1 ± 26.14 %, p = 0.42) (Figure 3-6B). The height of potentiation 
during LTP induction could also be influenced by basal synaptic transmission. Therefore, 
the input-output strength at a defined stimulus intensity in both genotypes was measured 
(Figure 3-6C). Here cbdnf ko animals showed a slightly increased fEPSP slope size com-
pared to wildtype mice. The investigation of the presynaptic function by paired pulse facili-
tation (PPF) showed no differences among the two genotypes (Figure 3-6D). 
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Figure 3-6. LTP experiments of acute slices from 8 weeks old male cbdnf ko and littermate control 
animals. A, LTP was successfully induced by TBS (arrow). Slices of cbdnf ko animals showed 
higher non-significant potentiation levels in comparison to wildtype. Insets show original traces from 
representative individual experiments before (light colour) and after the induction of LTP (dark col-
our; vertical scale bar 3 mV, horizontal scale bar 5 ms. B, This slight increase was also observed 
by the average of fEPSP slope for the final 10 min of LTP recording. C, Input-output strength was 
measured at a defined stimulus intensity which was slightly increased in cbdnf ko animals com-
pared to wildtype. D, Paired pulse facilitation (PPF) showed no alteration in both genotypes. Num-
bers in the graphs correspond to the number of acute slices used. All results are presented as 
mean ± SEM. Statistical analysis was performed with an unpaired two-tailed Student’s t-test. 
 
Induction of LTP showed a robust and long lasting potentiation in female wildtype animals 
(Figure 3-7A). In female cbdnf ko mice LTP was also successfully induced but showed 
lower fEPSP slope values during the whole LTP recording compared to littermate controls 
(PTP - wildtype: 173.2 ± 24.53 % vs. cbdnf ko: 146.0 ± 3.72 %, p = 0.50). Consequently, 
at the final 10 min of LTP recordings average fEPSP slope size was also reduced in fe-
male cbdnf ko mice (wildtype: 166.2 ± 19.37 % vs. cbdnf ko: 126.6 ± 11.58 %, p = 0.24) 
(Figure 3-7B). Examination of either the input-output strength or PPF revealed no altera-
tion among both genotypes (Figure 3-7C, D). 
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Figure 3-7. Electrophysiological analysis of adult female cbdnf ko and wildtype mice. A, After 20 
min baseline recordings LTP was induced by application of TBS which results in a robust and 
maintained but not altered LTP in both cbdnf ko and wildtype mice. Insets show original traces from 
representative individual experiments before (light colour) and after the induction of LTP (dark col-
our); vertical scale bar 3 mV, horizontal scale bar 5 ms. B, Mean LTP values for the final 10 min of 
LTP recording of cbdnf ko and wildtype mice. C,D, Postsynaptic (C) as well as presynaptic func-
tions (D) were unaltered among both genotypes. Numbers in the graphs are corresponding to the 
number of acute slices used. All results are presented as mean ± SEM. Statistical analysis was 
performed with an unpaired two-tailed Student’s t-test.  
 
In summary it can be concluded that male cbdnf knockout animals showed a robust LTP 
which showed higher potentiation levels compared to littermate controls. In contrast to 
this, female knockout mice exhibited a clear LTP defect throughout the entire recordings. 
Analysis of the basal synaptic transmission revealed also gender-specific changes in the 
input-output strength. Interestingly, presynaptic function showed no gender-related altera-
tions. These results indicate that loss of BDNF might have a gender-related impact on 
activity-dependent synaptic plasticity in the hippocampus. 
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3.2 Synaptotagmin IV knock-out mice - role of increased activity-dependent re-
lease of BDNF in learning and memory processes 
Synaptotagmin IV is a membrane trafficking protein which has been shown to be localised 
to BDNF containing secretory vesicles and to negatively regulate BDNF release (Dean et 
al., 2009). Interestingly, constitutive null mutant mice of SytIV showed elevated secretion 
of BDNF during evoked activity. In addition, SytIV plays a role in modulating synaptic func-
tion (Ferguson et al., 2000) preferentially affecting hippocampal function. In this thesis, the 
SytIV ko mouse model was used as an activity-dependent gain-of-function model to ex-
amine the role of BDNF in regulating neuronal morphology and function as well as learn-
ing and memory processes.  
 
3.2.1 Neuronal architecture and dendritic spine density of SytIV ko mice 
In view of reports showing that Synaptotagmin IV plays a role in the activity-dependent 
secretion of BDNF containing secretory vesicles (Dean et al., 2009; Wong et al., 2015) 
and its involvement in learning and memory processes (Ferguson et al., 2000) it was ana-
lysed whether the neuronal structure and its connectivity is affected by loss of SytIV. 
Therefore, the neuronal morphology including the analysis of dendritic spines was investi-
gated in 8 weeks old males SytIV ko mice in different regions of the brain. Next to the 
analysis of cortical and hippocampal pyramidal neurons, granule cells of the dentate gyrus 
and medium spiny neurons of the striatum were analysed. To visualise single neurons, a 
DiOlistic approach was performed, where perfused brain slices of 8 weeks old SytIV ko 
mice and corresponding littermate controls were labelled with the lipophilic dye DiI. Altera-
tions in the dendritic complexity were quantified by using Sholl analysis plotting the num-
ber of intersections against the distance from the cell body. Cortical layer II/III pyramidal 
neurons showed a significant reduction in the basal dendritic tree of SytIV ko mice in 
comparison to wildtype (total dendritic complexity basal - wildtype: 164.90 ± 14.81 vs. 
SytIV ko: 124.47 ± 5.88 intersections, p = 0.008). Sholl analysis revealed that this reduc-
tion appeared proximally to the cell body (between 40 and 90 µm, p<0.01). Apical den-
drites of SytIV ko animals exhibited also a significant decrease in their total dendritic com-
plexity (wildtype: 143.33 ± 10.82 vs. SytIV ko: 103.71 ± 9.26 intersections, p = 0.012) 
(Figure 3-8A). However, spine density of both basal and apical dendrites from cortical 
layer II/III pyramidal neurons was indistinguishable between SytIV ko mice and the corre-
sponding littermate controls (basal: wildtype: 1.66 ± 0.07 vs. SytIV ko: 1.51 ± 0.05, 
p = 0.091 apical: wildtype: 1.6 ± 0.06 vs. SytIV ko: 1.67 ± 0.05 spines/µm dendrite, 
p = 0.44). Conversely, in the hippocampus pyramidal neurons of the CA1 region from 
SytIV ko mice showed no remarkable alterations in the basal (total dendritic complexity: 
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wildtype: 176.30 ± 12.75 vs. SytIV ko: 160.92 ± 11.17 intersections, p = 0.37) and apical 
dendritic tree (total dendritic complexity: wildtype: 201 ± 12.54 vs. SytIV ko: 165 ± 27.91 
intersections, p = 0.26), regarding the Sholl analysis and the total dendritic complexity 
(Figure 3-8C). Interestingly, the analysis of dendritic spine density in the CA1 region of the 
hippocampus revealed a significant increase in the number of spines per µm dendrite in 
apical dendrites of SytIV ko mice (wildtype: 1.66 ± 0.06 vs. SytIV ko: 1.98 ± 0.04 
spines/µm dendrite; p = 0.00006) (Figure 3-8D; below), whereas spine density of basal 
dendrites was not altered compared to wildtype mice (wildtype: 1.61 ± 0.06 vs. SytIV ko: 
1.73 ± 0.04 spines/µm dendrite, p = 0.083) (Figure 3-8D; above). Analysis of dentate 
gyrus granule cells revealed a minor non-significant increase in the dendritic complexity of 
SytIV ko animals in comparison to the corresponding littermate controls (total dendritic 
complexity: wildtype: 123.90 ± 8.04 vs. SytIV ko: 134.06 ± 11.54 intersections, p = 0.47). 
This elevated complexity was detected proximal to the cell body (between 100 and 180 
µm) (Figure 3-8E). Dendritic spine density in SytIV ko granule cells was not affected in 
comparison to wildtype neurons (wildtype: 1.77 ± 0.04 vs. SytIV ko: 1.76 ± 0.03 spines/µm 
dendrite, p = 0.82) (Figure 3-8F). Likewise striatal MSN of SytIV ko mice showed no al-
teration in the complexity of their dendrites (total dendritic complexity: wildtype: 149.80 ± 
14.06 vs. SytIV ko: 146.67 ± 7.20 intersections, p = 0.83) (Figure 3-8G) as well as in the 
density of dendritic spines (wildtype: 1.59 ± 0.06 vs. SytIV ko: 1.58 ± 0.04 spines/µm den-
drite, p = 0.91) when compared to wildtype MSN (Figure 3-8H). 
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Figure 3-8. Dendritic complexity and spine density in wildtype (grey) and Synaptotagmin IV ko 
mice (dark green) under standard housing conditions. A, Sholl analysis and total dendritic complex-
ity of both apical and basal dendrites of pyramidal cortical neurons in layer II/IIII of SytIV ko com-
pared to wildtype mice. Confocal images representing DiI labelled dendrites of cortical layer II/III 
pyramidal neurons (B) and hippocampal CA1 pyramidal neurons (D) from wildtype and SytIV ko 
mice; scale bar 5 μm. B, Spine density of both basal and apical dendrites of cortical layer II/III py-
ramidal neurons from SytIV ko mice compared to wildtype mice. C, Sholl analysis and total den-
dritic complexity of basal as well as apical dendrites of CA1 hippocampal pyramidal neurons from 
SytIV ko mice compared to wildtypes. Insets show representative tracings of cortical layer II/III (A) 
and hippocampal CA1 pyramidal neurons (C) from wildtype (grey) and SytIV ko mice (dark green); 
scale bar 100 µm. D, Spine density remained unchanged in basal dendrites of CA1 pyramidal neu-
rons from SytIV ko animals in comparison to wildtype mice. Apical dendrites of CA1 pyramidal neu-
rons showed a significant increase in the spine density in SytIV ko mice. Representative tracing 
showing the morphology of dentate gyrus granule cells (E) and medium spiny neurons (G) from 
wildtype (grey) and Syt IV ko (dark green) mice; scale bar 100 µm. E, Sholl analysis and total den-
dritic complexity of dentate gyrus granule cells of SytIV ko neurons compared to wildtype. F, Spine 
density of granule cells from wildtype and SytIV ko mice. Analysis of MSN in the striatum revealed 
no alteration in the Sholl analysis and total dendritic complexity (G) as well as in the spine density 
(H) of SytIV ko animals in comparison to wildtype animals. Numbers in the bar graphs or above the 
graphs of the dendritic complexity are corresponding to the number of analysed neurons. Data are 
represented as mean ± SEM (*p<0.05; **p<0.01, ***p<0.001), two-way repeated ANOVA (Sholl 
analysis), unpaired two-tailed Student's t test (total dendritic complexity (inserted bar graph) and 
spine density).  
 
Taken together, Synaptotagmin IV ko animals kept under standard housing conditions 
showed no alteration in the neuronal morphology as well as in the density of dendritic 
spines in almost all analysed brain regions compared to wildtype mice. Exceptions were 
found only in the total dendritic complexity of the cortical layer II/III pyramidal neurons 
(Figure 3-8A; inserted bar graphs) and in the spine density of apical dendrites of CA1 hip-
pocampal neurons (Figure 3-8D; below). 
 
3.2.2 Spatial learning and memory formation of SytIV ko animals  
Based on the results described above further experiments were carried out with 8 weeks 
old male SytIV ko mice to examine the consequences of the enhanced BDNF activity-
dependent release through spatial memory formation in the Morris Water Maze (MWM). In 
this task, mice had to swim in opaque water to navigate directly to a hidden platform. Dur-
ing the spatial memory acquisition the mice were trained in 4 different trials a day for 8 
consecutive days. During the whole training period wildtype mice showed a gradual sig-
nificant decrease of the escape latency from 38.24 ± 5.39 s on the first day of training to 
9.02 ± 1.15 s (F(7,64) = 8.827; p=0.003) on training day 8 (Figure 3-9A). Comparable to 
littermate controls escape latencies of SytIV ko mice were also decreasing over time until 
training day 6 (wildtype: 53.94 ± 9.19 s vs. SytIV ko: 18.90 ± 2.01 s, F(7,48) = 4.713; 
p = 0.018). Interestingly, on the last 2 training days latencies of SytIV ko mice were again 
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increased to values similar to escape latencies seen on the first training day (day 1: 53.95 
± 8.22 s vs. day 8: 34.53 ± 10.91 s). Specifically, at training day 2 SytIV ko mice showed 
lower latency times in comparison to wildtype animals (wildtype: 34.48 ± 9.44 s vs. SytIV 
ko: 21.43 ± 2.56 s), but at day 1 and from day 4 to day 8 the escape latency was higher 
and became statistical significant on the last two training days (day 7 – wildtype: 9.84 s ± 
1.09 s vs. SytIV ko: 32.27 ± 7.49 s; day 8 – wildtype: 9.02 ± 1.15 s vs. SytIV ko: 34.53 ± 
10.91 s, F(1,30) = 9.339; p<0.0001) (Figure 3-9A). The evaluation of the swimming ability 
proved the physical integrity of the mice and showed similar swim speeds during the ac-
quisition phase of the MWM task between the two genotypes, as both wildtype and SytIV 
ko mice had swim speed of (day 1 - wildtype: 0.197 ± 0.011 m/s vs. SytIV ko: 0.181 ± 
0.016 m/s, day 8 - wildtype: 0.211 ± 0.009 m/s vs. SytIV ko: 0.1926 ± 0.005 m/s) (Figure 
3-9B). To analyse the spatial memory retrieval a memory reference test (probe trial) was 
carried out during the training at day 3, 6 and 24 hours after the last training day (day 9). 
(see section 2.2.10). Here the time spent in the target quadrant in which the escape plat-
form was previously located was measured and compared between genotypes. Probe trial 
at training day 3 showed no clear quadrant preference in both SytIV ko and wildtype mice 
(Figure 3-9C). However, wildtype animals displayed a slight tendency towards the target 
quadrant (27.10 ± 2.99 %) while SytIV ko mice spent the same time in the target as in 
other quadrants (24.17 ± 5.17 %). Another memory reference test was performed at day 6 
of the MWM training (Figure 3-9D). Here wildtype mice spent significantly more time in the 
target quadrant and less in other quadrants (target quadrant: 48.85 ± 4.87 % vs. other 
quadrants: 17.05 ± 1.71 %). SytIV ko mice showed no preference for any quadrant during 
the probe trial at day 6 (target quadrant: 29.47 ± 5.42 % vs. other quadrants: 23.51 ± 
1.80 %). Compared to wildtype, SytIV ko mice spent significantly more time in other quad-
rants of the MWM (wildtype: 17.05 ± 1.71 % vs. SytIV ko: 23.51 ± 1.80 %, p<0.05) and 
less time in the target quadrant (wildtype: 48.85 ± 4.87 % vs. SytIV ko: 29.47 ± 5.42 %, 
p<0.05). To measure long lasting spatial reference another probe trial was performed 24h 
(day 9) after memory acquisition (Figure 3-9E). Even after 8 days of training SytIV ko mice 
showed no preference to the target quadrant. These mice spent the same time in all quad-
rants. Compared to littermate controls they spent more time in other quadrants (wildtype: 
17.78 ± 2.68 % vs. SytIV ko: 24.84 ± 3.19 %, p<0.05) and less time in the target quadrant 
(wildtype: 46.65 ± 4.84 % vs. SytIV ko: 25.47 ± 5.89 %, p<0.05), whereas wildtype ani-
mals showed a clear preference towards the target quadrant. 
The analysis of the classical swim behaviour (see section 2.2.10) was accompanied by 
the examination of the search strategies used by the individual mice for locating the hid-
den platform during the acquisition phase. Here the search behaviour was classified using 
a parameter-based algorithm (Figure 2-2). The used search strategies gave information 
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on the learning behaviour of the mice during memory acquisition. The strategies were 
differentiated in hippocampus-independent (egocentric) and hippocampus-dependent (al-
locentric) (Garthe et al., 2009). Behavioural strategies in the context of spatial learning 
were verified by performance of hippocampus-dependent search pattern such as directed 
search and direct swimming. Non-spatial egocentric search strategies were represented 
by random search, scanning and chaining (Figure 3-9G). During memory formation ego-
centric strategies were integrated more and more into an allocentric representation 
(Garthe and Kempermann, 2013). In wildtype mice the contribution of the search strate-
gies was shifted during the acquisition phase from egocentric at the onset of the training 
to spatial allocentric strategies at the end (Figure 3-9F). The relative amount of random 
search decreased from 44.44 ± 8.1% at day 1 to 0 ± 0% at day 8. Nevertheless, analysis 
of the search behaviour showed that wildtype mice exhibited the highest progression to-
wards hippocampus dependent strategies such as directed search (25 ± 9.42 %) and di-
rect swimming (36.11 ± 7.22 %) on day 7 but not at the last training day. Here the analysis 
of the learning strategies revealed a higher percentage of scanning (27.78 ± 12.11 %) and 
chaining (27.78 ± 8.78 %) and less directed navigation like direct swimming 22.22 ± 6.51 
%) and directed search (22.22 ± 10.58 %). 
The evaluation of the respective search strategies from SytIV ko mice revealed higher use 
of non-spatial strategies (Figure 3-9H). During the training SytIV ko mice showed a re-
duced relative amount of random search (day 1: 57.14 ± 10.51 % vs. day 8: 7.14 ± 4.61 
%) but an elevated use of scanning strategy particularly during the last three training days. 
Scanning increased over the acquisition phase from 25 ± 7.72 % at day 1 to 64.29 ± 5.1 
% at day 8. Interestingly hippocampus-dependent strategies contributed by a constant 
percentage on each training day except at day 8 where the animals used only 7.14 ± 4.61 
% of direct swimming and 0 ± 0 % directed search. At the beginning of the training SytIV 
mice showed the highest proportion of spatial learning strategies in particular on training 
days 2 (22.22 ± 14.87 %) and 4 (25 ± 12.49 %). Comparative analysis of pooled hippo-
campus-dependent strategies used over the whole learning period in SytIV ko mice and 
corresponding littermate controls revealed that wildtype animals were found to rely pro-
gressively more on hippocampus-dependent strategies over time (day 1: 13.89 ± 6.05 % 
vs. day 8: 44.44 ± 11.62 %) (Figure 3-9I) while SytIV ko mice used in average 15.48 ± 
5.83 % of hippocampus-dependent strategies during the whole training phase (day 1: 0 ± 
0 % vs. day 8: 7.14 ± 4.61 %). Hence at day 2 and 4 these mice showed their highest spa-
tial precision in finding the platform (day 2: 21.43 ± 8.5 %, day 4: 28.57 ± 8.5 %). Surpris-
ingly, only at day 2 the relative proportion of spatial strategies was shown to be slightly 
higher in SytIV ko mice in comparison to littermate controls (wildtype: 19.44 ± 6.94 % vs. 
SytIV ko: 21.43 ± 8.5 %) whereas at the last day of memory acquisition SytIV ko animals 
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showed a significant lower percentage of hippocampus-dependent strategies compared to 
wildtype (day 7: 61.11 ± 9.42 % vs. 19.05 ± 5.05 %, day 8: 44.44 ± 11.62 % vs. 7.14 ± 
4.61 %, p<0.05).  
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Figure 3-9. Spatial learning formation of SytIV ko and wildtype mice in the Morris Water Maze 
(MWM). A, Escape latency described the average time spent in the MWM to find the platform. Dur-
ing the training phase of 8 consecutive days the escape latency decreased over the whole learning 
period for both genotypes, but on the last two days of training (d7/d8) SytIV ko mice showed a sig-
nificant higher latency in comparison to wildtype. B, Analysis of the swim speed was used as a 
measurement for physical integrity of mice. Both genotypes showed approximately the same swim 
speed throughout the learning task. C, Search behaviour while performing a reference memory 
task (probe trial) on day 3 (C), day 6 (D) and day 9 (E) is shown as percent time spent in the target 
and other quadrants. Contribution of the search strategies (non-spatial and spatial learning strate-
gies) are shown in percent over each training day of the MWM for either wildtype (F) or SytIV ko 
animals (H). G, Classification of the respective learning strategies where non-spatial learning 
strategies (random search, scanning, chaining) were coloured coded in black and grey colours. 
Spatial learning strategies (directed search, direct swimming) were represented in various shades 
of red. I, Hippocampus-dependent search strategies from wildtype and SytIV ko animals. Number 
in the columns and other graphs are corresponding to the number of animals used. Data obtained 
are presented as mean ± SEM. Statistical analysis was performed with an unpaired two-tailed Stu-
dent’s t-test and with a two-way repeated ANOVA. Hippocampus-dependent strategies were tested 
with a Mann-Whitney-U test (SPSS) (*p<0.05; **p<0.01).  
 
To investigate the memory acquisition within a 24h interval, exclusively the first trial of 
each training day was analysed for SytIV ko mice and corresponding littermate controls. 
Hereby wildtype animals showed a gradual decrease in the escape latency over the learn-
ing period of 8 consecutive days (day 1: 37.54 ± 9.07 s vs. day 8: 9.09 ± 1.56 s) (Figure 
3-10A). At the beginning of the training SytIV ko mice also displayed a decrease in the 
latency which was interestingly even lower than the escape latencies of wildtype animals 
(average escape latency day 1 - day 3: wildtype: 32.78 ± 8.46 s vs. SytIV ko: 27.57 ± 6.98 
s). Unexpectedly, the escape latencies of the first trial increased from 14.57 s ± 1.81 s at 
day 3 to 36.37 ± 10.47 s. at day 4. Afterwards they showed consistent latencies between 
20.73 ± 4.52 s and 27.14 ± 11.41 s until the end of the acquisition phase. From day 4 to 
day 8 SytIV ko mice showed a deficit in memory reference in comparison to wildtype ani-
mals. Analysis of the total distance travelled in the water maze revealed a similar pattern 
like for the evaluation of the escape latencies (Figure 3-10B). In total wildtype animals 
reduced the distance travelled during the first trial throughout the training. It decreased 
from 733.10 ± 202.84 cm at day 1 to 163.31 ± 45.87 cm at the end of the training. SytIV 
ko animals on the other hand progressively reduced the distance travelled from the begin-
ning of the training (day 1: 983.47 cm ± 129.51 cm vs. day 5: 390.99 cm ± 92.17 cm) but 
from day 5 onwards the animals swam longer distances at each first trial. At the end of the 
acquisition phase SytIV ko mice reached values which were similar to the distance they 
travelled on the first training day (day 1: 983.47 ± 129.51 cm vs. day 8: 909.15 ± 278.81 
cm). The evaluation of the swimming ability for the first trial revealed similar swim speeds 
among the two genotypes (day 1: 0.22 ± 0.011 m/s vs 0.18 ± 0.017 m/s, day 8: 0.22 ± 
0.014 m/s vs 0.19 ± 0.01 m/s) (Figure 3-10F) during the acquisition phase like the view on 
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the average of all 4 trials already showed (Figure 3-9B). Regarding the search behaviour 
of the first trial wildtype animals revealed an elevated proportion of spatial learning strate-
gies such as directed search and direct swimming over the entire training session (hippo-
campus-dependent strategies: 22.22 ± 14.7 %; 44.44 ± 17.57 %) (Figure 3-10C). The con-
tribution of non-spatial learning strategies decreased throughout the training, particularly 
random search could not be observed during the last two training days. In contrast, SytIV 
ko mice showed a reduced spatial learning behaviour in comparison to littermate controls 
(Figure 3-10D). These animals displayed only on day 2 (28.57 ± 18.44 %) and day 6 
(14.29 ± 14.28 %) a directed swimming pattern. Consequently the relative proportion of 
non-spatial strategies was higher in SytIV ko animals. Especially the contribution of scan-
ning increased over the learning period (day 1: 28.57 ± 18.44 % vs. day 8: 57.14 ± 20.20 
%). However random search decreased during acquisition phase (day 1: 71.43 ± 18.44 % 
vs. day 8: 14.29 ± 14.29 %) and was totally absent at training sessions 3 and 6. The por-
tion of hippocampus-dependent strategies used to locate the hidden platform clearly 
showed that wildtype animals found to rely on these strategies with the highest spatial 
precision at day 7 (55.56 ± 17.57 %) (Figure 3-10E). SytIV ko animals on the other hand 
showed less hippocampus-dependent search behaviour in comparison to littermate con-
trols. On training days 1, 3 and 8 no hippocampus-dependent search strategy was ob-
served. Remarkably, the contribution of hippocampus-dependent search strategies was 
higher in SytIV ko animals at day 2 compared to wildtype animals (wildtype: 11.11 ± 11.11 
% vs. SytIV ko: 28.57 ± 18.44 %). 
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Figure 3-10. Memory acquisition in the first trial of MWM training. A, Escape latency of the first trial 
from wildtype and SytIV ko mice over the training phase of 8 consecutive days. B, Analysis of the 
mean distance travelled in the first trial during the whole MWM performance. Both genotypes de-
crease their distance travelled during the first training days (d1-d4), but SytIV ko mice showed after 
training day 4 a renewed increase in the average distance. Contribution of the search strategies 
(non-spatial and spatial learning strategies) analysed only for the first trial over each training day 
for wildtype (C) and SytIV ko mice (D).Respective search strategies were colour coded (non-spatial 
learning black/grey and spatial learning red). E, Hippocampus-dependent search strategies from 
SytIV ko mice (green) in comparison to wildtype (grey).F, Swim speed was roughly unaltered in 
both genotypes in the first trial over the whole training period. Numbers in the in the graphs corre-
spond to the number of animals used. Data obtained are presented as mean ± SEM. Statistical 
analysis was performed with an unpaired two-tailed Student’s t-test and with SPSS.  
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Thus, these observations indicate that SytIV ko animals exhibit a deficit in hippocampus-
dependent spatial learning and memory formation. SytIV ko mice showed similar memory 
acquisition to wildtype mice with respect to the classical parameters like escape latency 
and total distance travelled until the fourth day of training. Afterwards the knockout mice 
showed a clear impairment in memory consolidation which was reflected in higher escape 
latencies and longer distances travelled. In addition, retrieval of the consolidated spatial 
memory was also impaired in SytIV ko mice shown by a reduced target quadrant prefer-
ence during the reference memory test. This deficit was further strengthened by the fact 
that SytIV ko animals were not able to use hippocampus-dependent strategies to locate 
the hidden platform in the same extent as wildtype mice. On the contrary, higher contribu-
tions of the less efficient hippocampus-independent strategies were observed particularly 
at the end of acquisition phase.  
 
3.2.3 Morphological implications of activity-dependent spatial learning in the 
MWM  
The deficits observed in spatial learning in the MWM paradigm raised the question 
whether learning-dependent structural plasticity at dendrites and dendritic spines might be 
affected in SytIV ko mice. Hence, 1 hour after the last training in the MWM the trained 
mice were sacrificed and DiOlistic technique was performed on brain slices to examine 
the alterations in the neuronal morphology and connectivity in different regions of the brain 
after activity-dependent spatial learning. For this purpose the dendritic complexity and 
spine density of sedentary (untrained) and trained SytIV ko mice were investigated. Same 
comparative analysis was also performed on sedentary (untrained) and trained wildtype 
animals. In this context morphological alterations evoked by activity-dependent learning 
were compared in pyramidal neurons of the hippocampus CA1 region and cortex layer 
II/IIII as well as in granule cells of the hippocampus dentate gyrus and medium spiny neu-
rons (MSN) of the striatum. Thereby, basal and apical dendrites were analysed sepa-
rately. Interestingly in wildtype animals MWM performance led to a significant reduction in 
the dendritic complexity of basal dendrites of cortical layer II/III pyramidal neurons (basal - 
between 50 and 90 µm, p<0.05). Sholl analysis of apical dendrites of cortical layer II/III 
pyramidal neurons of trained wildtypes also revealed a lower but non-significant dendritic 
complexity after activity-dependent spatial learning in comparison to sedentary wildtypes 
(apical - between 50 and 90 µm). The density of dendritic spines was indistinguishable in 
the basal as well as in the apical dendritic tree between sedentary and trained wildtype 
mice (basal - sedentary wildtype: 1.66 ± 0.07 vs. wildtype MWM: 1.52 ± 0.05, p = 0.101, 
apical - sedentary wildtype: 1.60 ± 0.06 vs. wildtype MWM: 1.54 ± 0.06 spines/µm den-
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drite, p = 0.49) (Figure 3-11A). Conversely to the reduction in wildtype mice, basal as well 
as apical dendrites of cortical layer II/III pyramidal neurons of trained SytIV ko mice dis-
played no alterations in their dendritic complexity as well as spine density in comparison 
to neurons of sedentary SytIV ko animals (basal - sedentary SytIV ko: 1.51 ± 0.05 vs. 
SytIV ko, MWM: 1.59 ± 0.05 p = 0.337, apical - sedentary SytIV ko: 1.67 ± 0.05 vs. SytIV 
ko MWM: 1.52 ± 0.08 spines/µm dendrite, p = 0.16) (Figure 3-11B). In the hippocampus 
CA1 region basal dendrites of pyramidal neurons were less complex in trained wildtype 
(between 50 and 150 µm p<0.05) (Figure 3-11C) and trained SytIV ko animals (between 
90 and 100 µm p<0.05) (Figure 3-11D) when compared to their corresponding home cage 
sitting untrained mice. Apical dendrites of both genotypes showed no differences in their 
dendritic complexity even after activity-dependent learning in the MWM. No alterations 
were also obtained in the spine density of both basal and apical dendrites from wildtype 
(basal - sedentary: 1.61 ± 0.06 vs. MWM: 1.66 ± 0.06, p = 0.6, apical - sedentary: 1.66 ± 
0.06 vs. MWM: 1.78 ± 0.06 spines/µm dendrite, p = 0.15) (Figure 3-11C) and SytIV ko 
CA1 pyramidal neurons (basal - sedentary: 1.73 ± 0.04 vs. MWM: 1.68 ± 0.05, p = 0.37, 
apical - sedentary: 1.98 ± 0.04 vs. MWM: 1.88 ± 0.06 spines/µm dendrite, p = 0.19) 
(Figure 3-11D) after MWM performance. Regarding to hippocampal dentate gyrus granule 
cells of sedentary wildtype mice, activity-dependent spatial learning in the MWM has no 
effect on the dendritic complexity but increased the density of dendritic spines in these 
cells (sedentary wildtype: 1.77 ± 0.04 vs. wildtype MWM: 1.93 ± 0.06 spines/µm dendrite, 
p = 0.024) (Figure 3-11E). As opposed to this, dendrites of granules cells from trained 
SytIV ko animals were less complex in comparison to dendrites of sitting (Figure 3-11F). 
However the spine density was indistinguishable among the two conditions (sedentary 
SytIV ko: 1.76 ± 0.03 vs. SytIV ko MWM: 1.85 ± 0.06 spines/µm dendrite, p = 0.18). Stri-
atal MSN of wildtype (Figure 3-11G) and SytIV ko mice (Figure 3-11H) showed no altera-
tions in the dendritic complexity after performance of the MWM learning paradigm com-
pared with MSN of sedentary animals. Interestingly, MSN of trained SytIV ko mice dis-
played a decrease in the density of dendritic spines (sedentary SytIV ko: 1.58 ± 0.04 vs. 
SytIV ko MWM: 1.45 ± 0.06 spines/µm dendrite, p = 0.074) (Figure 3-11H) while the spine 
density of striatal MSN from wildtype mice was unaltered after MWM performance (seden-
tary wildtype: 1.59 ± 0.06 vs. wildtype MWM: 1.49 ± 0.05 spines/µm dendrite, p = 0.25) 
(Figure 3-11G).  
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Figure 3-11. Comparative analysis of the dendritic morphology and spine density before and after 
spatial learning in the Morris water maze (MWM). A, Sholl analysis and spine density of basal as 
well as apical dendrites of cortical layer II/III pyramidal neurons from wildtype mice before and after 
MWM. B, SytIV ko animals exhibited no changes in the dendritic complexity as well as in the spine 
density when compared sedentary animals with those who performed the MWM. C, Dendritic com-
plexity and spine density of basal as well as apical dendrites of CA1 hippocampal pyramidal neu-
rons from sedentray wildtype mice in comparison to wildtype mice trained in MWM. D, Sholl analy-
sis and spine density of basal as well as apical dendrites of CA1 hippocampal neurons from SytIV 
ko mice before and after MWM. E, Sholl analysis and spine density of dentate granule cells of wild-
type mice before and after MWM training. F, Sholl analysis and spine density of dentate granule 
cells of sedentary and MWM trained SytIV ko mice. MSN of wildtype mice (G) and SytIV ko mice 
(H) showed no alteration in the dendritic complexity as well as in the spine density when compared 
sedentary mice with MWM performer. Insets show representative tracings of wildtype (grey) and 
SytIV ko (green) neurons from different brain regions before (dark colour) and after (light colour) 
MWM training; scale bar 100 µm. All results are presented as mean ± SEM. Statistical analysis of 
data obtained in the Sholl anaylsis was determined with a two-way ANOVA while for the spine den-
sity an unpaired two-tailed Student’s t-test was performed (*p<0.05). 
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In general, comparative analysis between sedentary (untrained) and trained mice re-
vealed minor learning-mediated structural alterations in SytIV ko as well as in wildtype 
mice. Surprisingly training in the MWM revealed in wildtype mice a significant reduction in 
the dendritic complexity of their basal dendrites of both cortical and hippocampal pyrami-
dal neurons. Dendritic complexity of dentate gyrus granule cells and striatal MSN was 
unchanged. Dendritic spine density was unaltered in all examined brain regions, except 
the dendritic spine density of dentate granule cells which was significantly increased after 
activity-dependent spatial learning. Interestingly, activity-dependent spatial learning in the 
MWM did not affect the neuronal morphology and the density of dendritic spines of SytIV 
ko animals in cortical pyramidal neurons and striatal MSN Solely granule cells of the den-
tate gyrus as well as hippocampal pyramidal neurons showed minor changes in the den-
dritic complexity, but the density of dendritic spines was also not affected. 
 
3.2.3.1 Differences in trained mice between SytIV ko and wildtype regarding learn-
ing-induced structural plasticity after MWM performance 
The question whether the learning deficits observed in SytIV ko mice are correlated with 
alterations in learning-induced structural plasticity, at first the alterations between un-
trained and trained mice were investigated whereby both genotypes were evaluated sepa-
rately as described in the section above. Afterwards only trained SytIV ko and wildtype 
mice were compared directly to get further insights in learning-mediated neuronal struc-
tural differences between the two genotypes. Dendritic complexity and dendritic spine 
density were analysed in the same brain regions as described above. Also here basal and 
apical dendrites were analysed separately. The Sholl analysis as well as the total com-
plexity of cortical layer II/III basal dendrites were indistinguishable between SytIV ko and 
wildtype mice (total dendritic complexity: wildtype: 124.05 ± 8.86 vs. SytIV ko: 130.59 ± 
11.30 intersections, p = 0.65) (Figure 3-12A). Similar apical dendrites of cortical layer II/III 
pyramidal neurons from SytIV ko animals showed no changes in their dendritic complexity 
as well (total dendritic complexity: wildtype: 105.33 ± 6.09 vs. SytIV ko: 103.47 ± 6.68 in-
tersections, p = 0.85). Density of dendritic spines was not altered both in basal and apical 
dendrites of cortical layer II/III pyramidal neurons from SytIV ko mice compared to wild-
type (basal - wildtype: 1.52 ± 0.05 vs. SytIV ko: 1.59 ± 0.05, p = 0.35; apical - wildtype: 
1.54 ± 0.06 vs. SytIV ko: 1.52 ± 0.08 spines/µm dendrite, p = 0.84) (Figure 3-12B). Hippo-
campal CA1 pyramidal neurons of SytIV ko animals displayed no changes in the Sholl 
analysis as well as in the total dendritic complexity in basal dendrites (total dendritic com-
plexity: wildtype: 128.18 ± 6.97 vs. SytIV ko: 142.58 ± 8.68 intersections, p = 0.37 ). Apical 
dendrites of hippocampal CA1 pyramidal neurons showed only minor alteration in their 
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dendritic complexity when compared to wildtypes (total dendritic complexity: wildtype: 
196.56 ± 16.41 vs. SytIV ko: 175.57 ± 15.16 intersections, p = 0.37) (Figure 3-12C). No 
alterations were visible in the spine density of both basal and apical dendrites from SytIV 
ko and wildtype CA1 pyramidal neurons (basal - wildtype: 1.66 ± 0.06 vs. SytIV ko: 1.68 ± 
0.05, p = 0.81, apical - wildtype: 1.78 ± 0.06 vs. SytIV ko: 1.88 ± 0.06 spines/µm dendrite, 
p = 0.23) (Figure 3-12D). In the dentate gyrus region of the hippocampus the neuronal 
structure of granule cells was indistinguishable between SytIV ko mice and wildtype as 
represented in the Sholl analysis and total dendritic complexity (total dendritic complexity: 
wildtype: 125.41 ± 7.58 vs. SytIV ko: 117.00 ± 9.72 intersections, p = 0.52) (Figure 3-12E). 
Likewise, no differences were found by the analysis of the dendritic spine density from 
SytIV ko when compared with wildtype (wildtype: 1.93 ± 0.06 vs. SytIV ko: 1.85 ± 0.06 
spines/µm dendrite, p = 0.4) (Figure 3-12F). In contrast, striatal medium spiny neurons of 
SytIV ko mice displayed a slightly reduced total dendritic complexity after spatial learning 
in the MWM paradigm (total dendritic complexity: control: 163.55 ± 10.63 vs. SytIV ko: 
139.63 ± 7.07 intersections, p=0.078) (Figure 3-12G). However, the density of dendritic 
spines in this brain region was unaltered when compared to dendrites of striatal MSN from 
SytIV ko and wildtype mice (wildtype: 1.49 ± 0.05 vs. SytIV ko: 1.45 ± 0.06 spines/µm 
dendrite, p = 0.64) (Figure 3-12H). 
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Figure 3-12. Dendritic structure and spine density of SytIV knock-out and corresponding littermate 
controls after performance of the Morris water maze (MWM). A, Dendritic complexity of both apical 
and basal dendrites of pyramidal cortical neurons in layer II/IIII from SytIV ko mice compared to 
wildtype. Confocal images representing DiI labelled dendrites of cortical layer II/III pyramidal neu-
rons (B) and hippocampal CA1 pyramidal neurons (D) from wildtype and SytIV ko mice; scale bar 5 
μm. B, Spine density of basal as well as apical dendrites of cortical layer II/IIII neurons from SytIV 
ko mice compared to wildtypes. C, Sholl analysis and total dendritic complexity of basal and apical 
dendrites of hippocampal CA1 pyramidal neurons from SytIV ko mice compared to wildtypes. In-
sets show representative tracings of cortical layer II/III (A) and hippocampal CA1 pyramidal neu-
rons (C) from wildtype (grey) and SytIV ko mice (light green); scale bar 100 µm. D, The spine den-
sity of CA1 pyramidal neurons was unaltered in basal as well as in apical dendrites of SytIV ko and 
wildtype mice. Representative tracing is showing the morphology of dentate granule cells (E) and 
medium spiny neurons (G) from wildtype and SytIV ko mice after performance of the MWM learn-
ing task; scale bar 100 µm. Sholl analysis and total dendritic complexity (E) and spine density(F) of 
SytIV ko granule cells compared to wildtypes after MWM. G, H, Sholl analysis and total dendritic 
complexity and spine density of MSN of SytIV ko mice in contrast to wildtype mice. Numbers within 
or above the graphs of the dendritic complexity correspond to the number of analysed neurons. All 
data obtained are represented as mean ± SEM, two-way repeated ANOVA (Sholl analysis), un-
paired two-tailed Student's t test (total dendritic complexity (inserted bar graph) and spine density).  
 
Despite the observed learning deficit in SytIV ko mice, the evaluation of the neuronal 
structure and connectivity of these animals were comparable to wildtype. Only striatal 
MSN and granule cells of the dentate gyrus showed a slight decrease in their dendritic 
complexity. 
 
3.2.4 Influence of an increased activity-evoked BDNF secretion in synaptic plastic-
ity 
As previously reported voluntary running wheel activity increases the expression of BDNF 
mRNA (Neeper et al., 1996; Oliff et al., 1998) as well as total BDNF protein expression in 
the hippocampus (Johnson et al., 2003). Consistent with the Synaptotagmin IV ko mouse 
model where BDNF secretion is enhanced in an activity-dependent manner (Dean et al., 
2009), the question arose whether running wheel activity and thereby evoked increased 
secretion of BDNF influences synaptic plasticity processes in SytIV ko mice and corre-
sponding littermate controls. Therefore, 8 weeks old SytIV ko mice and corresponding 
littermate controls were housed under sedentary condition or given free access to a run-
ning wheel for 4 weeks. Afterwards, electrophysiological experiments were performed 
where LTP was induced at the CA3-CA1 pathway by stimulating the Schaffer collaterals in 
the stratum radiatum of the CA3 region and fEPSP slope values were recorded in stratum 
radiatum of the CA1 area. To avoid gender-related differences male (Figure 3-13) and 
female mice (Figure 3-14) were analysed separately. After 20 min of baseline recordings 
TBS induced LTP in acute slices of both sedentary and running wildtype male mice led to 
a robust increase in the synaptic strength and showed equal fEPSP slope values already 
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in the early phase of LTP recordings which remained stable until the end of the experi-
ment (Figure 3-13A). Consequently average slope size for the final 10 min of LTP re-
cording was indistinguishable among both conditions (sedentary wildtype: 127.42 ± 4.96 
% vs. wildtype runner: 138.23 ± 6.76 %, p = 0.26) (Figure 3-13A, inserted graph). To test 
whether either basal synaptic transmission or presynaptic function were altered in wildtype 
mice after running wheel activity, on the one hand input-output strength was recorded at 
different stimulus intensities and on the other hand paired pulse facilitation (PPF) was 
measured at defined inter-stimulus intervals (ISI). No significant differences were detected 
in either basal synaptic properties (Figure 3-13B, above) or presynaptic function (Figure 
3-13B, below) between the two conditions. In sedentary SytIV ko mice LTP induction led 
to lower fEPSP slope size (Figure 3-13C, dark green) compared to sedentary wildtype 
animals. Remarkably, wheel running activity increased LTP induction in SytIV ko mice. 
From the beginning exercised SytIV ko mice showed slightly higher fEPSP values (Figure 
3-13C, light green) than sedentary wildtype mice which remained stable until the end of 
the experiment. However, evaluation of the average potentiation for the final 10 min of 
LTP recordings was indistinguishable between conditions and genotypes (sedentary wild-
type: 127.42 ± 4.96 % vs. sedentary SytIV ko 119.74 ± 8.10 %, p = 0.35 and SytIV ko run-
ner: 146.11 ± 7.14 %, p = 0.075) (Figure 3-13C, inserted bar graph). Analysis of the PPF 
revealed also no differences in presynaptic function between sedentary SytIV ko and wild-
type mice as well as exercised SytIV ko animals at any ISI (Figure 3-13D, below). 
Basal synaptic transmission was unaltered between sedentary wildtype and exercised 
SytIV ko mice but sedentary SytIV ko animals displayed lower input-output strength which 
was statistically significant at stimulus intensities between 250-400 µA (Figure 3-13D, 
above). 
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Figure 3-13. Electrophysiological analysis of male SytIV ko mice and wildtype comparing seden-
tary animals with wheel running animals. A, After 20 min of baseline recordings TBS was applied 
and resulted in a stable but indistinguishable LTP among both sedentary (dark grey) and wheel 
running (light grey) wildtype mice. Inserted graph shows the average of fEPSP slope for the final 10 
min of LTP recording. B, Analysis of fEPSP slope size at defined stimulus intensities showed no 
differences between both groups (above). PPF was also not affected (below). C, After LTP induc-
tion sedentary SytIV ko mice (dark green) showed a lower potentiation level in comparison to sed-
entary littermate controls (dark grey) and wheel running SytIV ko mice (light green). D, Basal syn-
aptic transmission was unaltered between sedentary wildtype mice (dark grey) and exercised SytIV 
ko mice (light green), but sedentary SytIV ko mice (dark green) showed significant different input-
output strengths at stimulus intensities between 250-400 µA (above). PPF was indistinguishable 
between all groups (below). Insets (A,C) show original traces from representative individual ex-
periments before (light colour) and after the induction of LTP (dark colour); vertical scale bar  3 mV, 
horizontal scale bar 5 ms. Numbers in the graphs correspond to the number of acute slices used. 
All results are presented as mean ± SEM. Statistical analysis was performed with an unpaired two-
tailed Student’s t-test (*p<0.05).  
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LTP recordings in female wildtype animals revealed a slight higher but non-significant LTP 
magnitude for sedentary animals in comparison to running mice (Figure 3-14A). After in-
duction of LTP the fEPSP size increased and remained stable until the end of the experi-
ment. Both conditions showed equal potentiation values for the final 10 min of LTP re-
cordings (sedentary wildtype: 147.81 ± 8.65 % vs. wildtype runner: 141.07 ± 7.81 %, 
p = 0.43) (Figure 3-14A, inserted graph). Presynaptic function measured by PPF (Figure 
3-14B, below) and basal synaptic transmission (Figure 3-14B, above) were indistinguish-
able between the two conditions. In both sedentary and exercised female SytIV ko ani-
mals LTP induction let to lower fEPSP slope values compared to sedentary wildtypes. 
This reduced potentiation level was even stronger in sedentary SytIV ko mice being statis-
tically significant compared to sedentary controls in the early phase of LTP (Figure 
3-14C). For the final 10 min of 60 min LTP recordings the average fEPSP size was slightly 
lower in sedentary as well as exercised SytIV ko mice compared with sedentary controls 
(sedentary wildtype: 147.81 ± 8.65 vs. sedentary SytIV ko 121.11 ± 6.48 %, p = 0.25 and 
SytIV ko runner: 128.12 ± 16.99 %, p = 0.48) (Figure 3-14C, inserted graph). Input-output 
strength at given stimulus intensities and PPF were unaltered in all three groups (Figure 
3-14D). The results obtained indicate that in wildtype mice wheel running activity had no 
impact on basal synaptic transmission as well as on synaptic plasticity processes such as 
LTP and PPF. In regard to SytIV ko, sedentary mice exhibited a clear deficit in LTP and 
basal synaptic transmission which was interestingly rescued by running wheel activity. 
This rescue effect was more pronounced in male knockout animals compared to females. 
However, presynaptic function was not affected in both female and male SytIV ko mice. 
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Figure 3-14. LTP experiments with female SytIV ko mice and wildtype comparing sedentary ani-
mals with wheel running animals. A, LTP induction (arrow) and maintenance were not significant 
different in sedentary wildtype mice (dark grey) compared to exercised mice (light grey).Inserted 
graph shows the average of fEPSP slope for the final 10 min of LTP recording. B, Input-output 
strength at given stimulus intensities (above) and PPF (below) were indistinguishable between both 
wildtype groups. C, LTP induction via TBS revealed different potentiation levels for sedentary and 
exercised SytIV ko animals in comparison to sedentary littermate controls which was also shown at 
the final 10 min of 60 min LTP recording (inserted bar graph). D, Input-output strength at given 
stimulus intensities (above) and PPF (below) remained unchanged in all three groups. Insets (A,C) 
show original traces from representative individual experiments before (light colour) and after the 
induction of LTP (dark colour); vertical scale bar 3 mV, horizontal scale bar 5 ms. All results are 
presented as mean ± SEM. Numbers in the graphs correspond to the number of acute slices used. 
Statistical analysis was performed with an unpaired two-tailed Student’s t-test (*p<0.05). 
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3.2.5 BDNF secretion and BDNF protein level in cortical protein lysates of SytIV ko 
mice 
In view of reports telling that BDNF release is enhanced in an activity-dependent manner 
in primary and organotypic hippocampal cultures of Synaptotagmin IV knockout animals 
(Dean et al., 2009; Wong et al., 2015) the secretion of BDNF was examined ex vivo in 
hippocampal acute slices of 8 weeks old SytIV ko mice and corresponding littermate con-
trols (adapted from Gärtner and Staiger, 2002). To detect the amount of secreted BDNF a 
BDNF immunoassay was performed. Interestingly, evaluation of the basal BDNF release 
revealed that slices of SytIV ko mice showed lower amounts of BDNF protein in compari-
son to controls (wildtype: 100 ± 14.49 % vs. SytIV ko: 76.81 ± 14.52 %, p = 0.3) (Figure 
3-15A). Hippocampal acute slices from SytIV ko and wildtype mice were stimulated with 
50 mM KCl. This led to an increased BDNF secretion in hippocampal acute slices of SytIV 
ko (102.16 ± 31.35 %, p = 0.94), but not in wildtype slices (79.89 ± 12.27 %, p = 0.32), 
detected as an altered BDNF protein level in the corresponding supernatant. Furthermore, 
alterations in the BDNF protein concentration due to an activity-dependent release of 
BDNF were analysed in sedentary and exercised SytIV ko animals either trained in the 
MWM learning paradigm or exercised in the running wheel (Figure 3-15B). Exercised 
SytIV ko animals displayed an increased BDNF protein level compared to sedentary wild-
type mice (wildtype: 100 ± 17 % vs. SytIV ko running: 121 ± 68 %, p = 0.73) (Figure 
3-15C). This elevation was even higher when the animals were exercised in the MWM 
(SytIV ko MWM: 141 ± 24 %, p = 0.3). Interestingly, sedentary SytIV ko mice exhibited 
similar BDNF amounts in comparison to sedentary wildtype mice (sedentary wildtype: 100 
± 17 % vs. sedentary SytIV ko:97 ± 15 %, p = 0.89). 
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Figure 3-15. BDNF secretion before and after stimulation with 50 mM KCl in hippocampal acute 
slices and biochemical analysis of BDNF protein level in tissue lysate of the cerebral cortex. A, 
Basal secretion of BDNF in SytIV ko hippocampal acute slices (baseline - dark green) compared to 
wildtype (baseline - grey). After simulation BDNF level increased in slices from SytIV ko (dark 
green) but not in wildtype mice (grey). B, Western Blot analysis of the BDNF amount in cerebral 
cortex tissue lysate from SytIV ko mice before and after activity (MWM, running wheel). C, Quanti-
fication of BDNF protein levels in tissue lysates of SytIV ko mice under basal condition and after 
physical activity compared to sedentary wildtypes. Numbers above the graphs correspond to the 
number of animals used. All results are presented as mean ± SEM. Statistical analysis was per-
formed with an unpaired two-tailed Student’s t-test.  
 
3.2.6 Changes in BDNF secretion in Bassoon knockout mice  
Increased BDNF levels were also reported in a mutant mouse model which lacks the pre-
synaptic protein Bassoon (Bsn). This mouse line develops episodic seizures (Altrock et 
al., 2003) and shows markedly enlarged forebrain structures (Angenstein et al., 2007) 
which might be associated with elevated levels of BDNF (Heyden et al., 2011). In this part 
of the thesis, BDNF secretion was determined in constitutive Bsn knockout mice by per-
forming a BDNF release protocol (adapted from Gärtner and Staiger, 2002). Here BDNF 
protein levels were measured under baseline condition and after stimulation with 50mM 
KCl in acute hippocampal slices of 10 weeks old constitutive Bsn ko mice (BsnΔEx4/5 ko) 
by BDNF immunoassay. Basal secretion was higher in BsnΔEx4/5 ko mice compared to 
littermate controls (wildtype: 100 ± 14.12 % vs. BsnΔEx4/5 ko: 155.96 ± 10.74 %, 
p = 0.067) (Figure 3-16A). Here the mice showed an increased BDNF protein level of 
56 % normalised to control. Stimulation of the hippocampal acute slices with 50 mM KCl 
led to an elevated release of BDNF and thereby to an increased BDNF protein level in the 
supernatant in both genotypes (wildtype: 141.71 ± 21.58 % and BsnΔEx4/5: 207.72 ± 
26.32 %, p = 0.09). This secretion of BDNF was even higher in BsnΔEx4/5 ko mice com-
pared to littermate controls. In addition to the BDNF secretion also the amount of BDNF 
protein in tissue lysates of different brain regions from conditional Bassoon 2 knock-out 
mice (cBsn2 ko) was examined by BDNF-specific ELISA. No notable differences in the 
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BDNF protein amounts were observed in the dentate gyrus region of the hippocampus 
from cBsn2 ko mice compared to littermate controls (wildtype: 1550.25 ± 83.94 vs. cBsn2 
ko: 1576.22 ± 73.96 ng/g total protein, p = 0.82) (Figure 3-16B). However, in tissue lysate 
of hippocampus CA3-CA1 region from cBsn2 ko mice a slight but non-significant elevation 
in the amount of BDNF was detectable (wildtype: 1127.71 ± 197.53 vs. cBsn2 ko: 1277.68 
± 202.56 ng/g) (Figure 3-16C). In the cerebral cortex cBsn2 ko animals showed a minor 
reduction in the BDNF protein level in comparison to littermate controls (wildtype: 1114.57 
± 99.72 vs. cBsn2 ko: 1060.60 ± 66.49 ng/g, p = 0.65) (Figure 3-16D). In contrast to the 
results of the cerebral cortex the amount of BDNF protein in the striatum was slightly 
higher in cBsn2 ko animals (wildtype: 1106.02 ± 99.13 vs. cBsn2 ko: 1130.00 ± 110.16 
ng/g, p = 0.88) (Figure 3-16E). Comparison of all analysed brain regions revealed the 
highest portion of BDNF protein in the hippocampus in particular in the dentate gyrus 
which is consistent with reports also showing the highest expression level of BDNF in this 
region (Hofer et al., 1990; Conner et al., 1997; Berchtold et al., 1999). 
 
Figure 3-16. BDNF secretion of BsnΔEx4/5 ko mice and determination of BDNF protein level in 
different brain regions of conditional Bsn2 ko mice. A, Analysis of the BDNF release in the hippo-
campus of BsnΔEx4/5 ko mice and corresponding littermate controls before and after stimulation 
with 50 mM KCl. Quantification of the BDNF protein levels in the hippocampal regions dentate 
gyrus (B) and CA3 / CA1 (C), in the cerebral cortex (D) and striatum (E) of cBSn2 ko and wildtype 
mice. Numbers correspond to the number of animals used. All results are presented as mean ± 
SEM. Statistical analysis was performed with an unpaired two-tailed Student’s t-test.  
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3.2.7 Influence of different genetic inbred mouse strains in learning and memory  
Different reports suggest an impact of the genetic inbred mouse strains on learning and 
memory processes. Inbred strains derived from various genetic backgrounds displayed 
differences especially in hippocampal LTP and in hippocampus-dependent behavioural 
tasks like Morris Water Maze (MWM) (Paylor et al. 1993; Bampton et al. 1999; Nguyen et 
al., 2000). In this thesis two different inbred mouse strains were used on the one hand 
mice exhibiting a C57 Bl/6 background and those who were kept on a Sv/129 genetic 
background. Comparative analysis was performed on wildtype of both genetic back-
grounds with respect to the spatial learning behaviour in the MWM and LTP recordings. 
Furthermore the basal secretion of BDNF was analysed in both groups. Analysis of the 
MWM learning paradigm revealed that wildtype mice with the Sv/129 genetic background 
were able to acquire spatial memory (Figure 3-17A). Here the animals improved the time 
to locate the hidden platform over the training period of 8 days from 37.69 ± 3.08 s (C57 
Bl/6) and 38.24 ± 5.39 s (Sv/129) on the first day to 8.05 ± 1.02 s (C57 Bl/6) and 9.02 ± 
1.15 s (Sv/129) on day 8. Both wildtype animals with a C57 Bl/6 and with a Sv/129 genetic 
background showed equal decrease in the escape latency except at training day 3 where 
mice derived from a Sv/129 background displayed lower latencies (C57 Bl/6: 24.26 ± 2.11 
s vs. Sv/129: 16.21 ± 1.89 s). Differences in the swimming behaviour were detected in 
both the distance travelled (Figure 3-17B) and the swim speed (Figure 3-17D). Analysis of 
the distance travelled to locate the hidden platform exhibited that both groups reduced 
their mean distance throughout the training but C57 Bl/6 mice swam longer distances 
compared to mice from Sv/129 background (day 1 - C57 Bl/6: 766.43 ± 76.66 cm vs. 
Sv/129: 738.78 ± 104.09 cm; day 8 - C57 Bl/6: 166.65 ± 24.52 cm vs. Sv/129: 129.02 ± 
23.55 cm) (Figure 3-17B). In regard to the swim speed Sv/129 mice showed an average 
speed of 0.16 ± 0.001 m/s during the whole acquisition phase (Figure 3-17D) while mice 
derived from the C57 Bl/6 genetic background had a higher speed of 0.31 ± 0.05 m/s and 
even increased its speed to 0.39 ± 0.08 m/s at the end of the learning paradigm. Evalua-
tion of the search behaviour revealed that both groups showed an elevation in the propor-
tion of spatial hippocampus-dependent search strategies during the training. C57 Bl/6 
mice started with 12.80 ± 3.28 % on the first day and reached 65.24 ± 4.08 % on day 8. 
Sv/129 mice began with 13.89 ± 6.05 % and reached 44.44 ± 11.62 % in the end (Figure 
3-17C). These values point out that the contribution of the respective spatial and non-
spatial strategies was different between the two groups. C57 Bl/6 mice showed a reduced 
relative amount of chaining (chaining: day 1 - C57 Bl/6: 5.26 ± 3.67 % vs. day 8 - C57 
Bl/6: 0 ± 0 %) but elevated random search trials particularly at the onset of training com-
pared to Sv/129 mice (random search: day 1 - C57 Bl/6: 63.16 ± 7.93 % vs. Sv/129: 44.44 
± 8.10 %, day 8 - C57 Bl/6: 2.36 ± 2.36 % vs. Sv/129: 0 ± 0 %) (Figure 3-17E). Until day 6 
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of the training C57 Bl/6 mice showed high percentage of directed search (C57 Bl/6 - day 6 
55.26 ± 8.17 %, day 8 36.84 ± 8.03 %) and direct swimming (C57 Bl/6 - day 6 23.68 ± 
6.99 %, day 8 55.26 ± 8.17 %). This strong increase in spatial learning strategies was not 
observable in Sv/129 mice (directed search: Sv/129 - day 6 25 ± 5.89 % vs. day 8 22.22 ± 
6.51%) (Figure 3-17F). Here animals showed a rather gradual increase of direct swim-
ming (Sv/129 - day 1: 11.11 ± 4.39 % vs. day 8: 22.22 ± 10.58 %). While mice with the 
Sv/129 background displayed a constant contribution of chaining (Sv/129 - day 1: 13. 89 ± 
7.35 % vs. day 8: 27.78 ± 8.78 %), the relative amount of random search decreased 
throughout the training period and was even absences at the last two days of the training 
(Sv/129 - day 1: 44.44 ± 8.10 % vs. day 8: 0 ± 0 %).  
Next to the differences observed in the learning behaviour alterations were also detected 
between the two genetic backgrounds in activity-dependent synaptic plasticity processes 
by performing LTP recording at the Schaffer collateral pathway of acute hippocampal 
slices from wildtype mice with either C57 Bl/6 genetic background or Sv/129 (Figure 
3-17G). After 20 min baseline recording LTP was induced by theta burst stimulation (TBS) 
and led to a robust increase in the synaptic strength in both groups. However, in the early 
phase after TBS the post tetanic potentiation was significantly higher in C57 Bl/6 com-
pared to Sv/129 mice. Over the entire 60 min of LTP recordings fEPSP slope values were 
lower in mice from Sv/129 background. This was also observable in the average potentia-
tion for the final 10 min of LTP recordings (C57 Bl/6: 145.71 ± 9.68 % vs. Sv/129: 127.36 
± 4.37 %, p = 0.076) (Figure 3-17H). Determination of the BDNF secretion in animals de-
rived from C57 Bl/6 and Sv/129 background showed surprisingly a similar basal secretion 
of BDNF protein (C57 Bl/6: 100 ± 23 % vs. Sv/129: 98 ± 18 %, p = 0.97) (Figure 3-17I).  
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Figure 3-17. Comparative analysis of wildtype mice with different genetic backgrounds (C57 
Bl/6OlaHsd and Sv/129). A, Escape latency of C57 Bl/6OlaHsd compared to Sv/129 mice over the 
training phase of 8 consecutive days in the MWM. B, Mean distance travelled during the training 
phase from C57 Bl/6OlaHsd and Sv/129 mice. C, Hippocampus-dependent search strategies from 
C57 Bl/6OlaHsd and Sv/129 wildtypes. D, Swim speed of Sv/129 in comparison to C57 Bl/6OlaHsd 
mice. E, F, Contribution of the search strategies analysed for each training day of the MWM from 
mice with either C57 Bl/6OlaHsd (E) or Sv/129 background (F). Respective search strategies were 
colour coded (non-spatial (black/grey) and spatial learning (red)). G, H, LTP recordings and mean 
values LTP for the final 10 min (t70-80) from C57 Bl/6OlaHsd and Sv/129 wildtypes. G, Insets show 
original traces from representative individual experiments before (light colour) and after the induc-
tion of LTP (dark colour); vertical scale bar 3 mV, horizontal scale bar 5 ms. I, Basal BDNF secre-
tion of C57 Bl/6OlaHsd and Sv/129 mice. Data are presented as mean ± SEM. Numbers corre-
spond to the number of animals (A-F, I) or number of acute slices (G, H) used. Statistical analysis 
was performed with an unpaired two-tailed Student’s t-test and with SPSS (*p<0.05).  
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4 DISCUSSION 
The development but also the balance between maintenance and plasticity of neuronal 
circuits are crucial for ensuring a correct brain function. Important regulators for multiple 
aspects of neural development, function and plasticity are a family of secretory proteins, 
the neurotrophins. Particularly BDNF has been implicated to be crucial for neuronal sur-
vival as well as maintenance of various neuronal systems but has been also emerged as 
one of the most effective molecular mediators of synaptic plasticity by modulating neu-
ronal function as well as structure which underlies memory processing and storage. In line 
with this there is an indication that also in the adult CNS BDNF is an important regulator of 
specific memory processes. The current study should deliver more insight about the role 
of BDNF in modulating the neuronal structure and function as well as its role during spatial 
learning by either elimination or activity-dependent elevation of this neurotrophin. The re-
sults presented in the first part of this thesis demonstrate that the activation of the neuro-
trophin receptor TrkB is impaired in inhibitory neurons after depletion of BDNF in primary 
hippocampal neurons. Interestingly, loss of BDNF in excitatory hippocampal neurons re-
vealed no alterations in the phosphorylation status of the TrkB receptor, suggesting that 
this receptor is activated via a neurotrophin-independent transactivation mechanism. 
Hereby the divalent cation zinc induces Src family kinases (SFK) leading to TrkB receptor 
signalling. Furthermore, using a loss-of-function approach it could be shown that BDNF is 
required for the postnatal growth of dentate gyrus granule cells via a BDNF-dependent 
activation of the TrkB signalling cascade.  
In the second part of this thesis Synaptotagmin IV (SytIV) knock-out mice were used as a 
gain-of-function approach to analyse the effects on an increase in the activity-dependent 
secretion of BDNF. It could be shown that these animals have a deficit in spatial learning 
and memory retention. However, examination of the neuronal architecture and density of 
dendritic spines revealed no obvious alterations. Interestingly, activity-dependent increase 
of BDNF evoked by wheel running activity rescued a LTP defect observed in sedentary 
SytIV knock-out mice. 
 
4.1 BDNF is essential for modulating the neuronal structure of inhibitory neurons 
but not excitatory neurons  
Concerning the conditional bdnf mutant mice previous studies revealed a specific and 
selective requirement of BDNF for maintaining neuronal architecture within different brain 
regions (Rios et al., 2001; Gorski et al., 2003; Baquet et al., 2004; Rauskolb et al., 2010). 
In particular, forebrain-restricted bdnf ko mice as well as a global excision of bdnf 
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throughout the CNS revealed that regions like the striatum and, although less, the cere-
bral cortex exhibits a reduced volume but not the hippocampus. This might be based on 
the fact that about 90% of all striatal neurons are GABAergic inhibitory medium spiny neu-
rons (MSN) (Kawaguchi et al., 1997) while the cortex comprises 20-30 % of GABAergic 
neurons (Jones et al., 1993) and the hippocampus only 5-10 % (Woodson et al., 1989). 
Otherwise the neuronal structure as well as dendritic spines were only mildly altered in 
pyramidal (excitatory) neurons of the cortex and the hippocampus (Rauskolb et al., 2010). 
Thus, growing evidence points to a specific role of BDNF in promoting the differentiation 
of inhibitory neurons. Indeed, studies in vivo (Baquet et al., 2004; Rauskolb et al., 2010) 
as well as in vitro support the notion of a requirement of BDNF in inhibitory neurons to 
modulate their dendritic structure and connectivity (Remus, 2012) but also their dendritic 
development (Kohara et al., 2003). However, the molecular mechanism concerning the 
cell-type specific effect is still unknown. 
 
4.1.1 Cell-type specific action of BDNF is attributed to TrkB receptor activation 
Previous reports indicate a role of BDNF in regulating the neuronal architecture of inhibi-
tory neurons but not excitatory neurons in vivo (Baquet et al., 2004; Rauskolb et al., 2010) 
and in vitro (Marty et al., 1996; Vicario-Abejón et al., 1998; Remus, 2012). These observa-
tions suggest that the signalling downstream of BDNF might be regulated differently in the 
two neuronal populations. For this purpose the molecular mechanism underlying this se-
lectivity was examined by analysing the influence of a depletion of BDNF on the activation 
level of the TrkB receptor in excitatory as well as in inhibitory primary hippocampal neu-
rons. Upon BDNF depletion the phosphorylation level of the TrkB receptor was signifi-
cantly reduced in hippocampal interneurons. This is consistent with previous in vitro re-
ports implicating a requirement for BDNF-TrkB signalling in the differentiation and devel-
opment of GABAergic neurons in various brain regions such as the striatum, hippocam-
pus, cerebral cortex or cerebellum (Mizuno et al., 1994; Widmer and Hefti, 1994; Marty et 
al., 1996; Rutherford et al., 1997; Vicario-Abejón et al., 1998; Seil and Drake-Baumann, 
2000; Yamada et al., 2002). Further evidence for the specific effect of BDNF on GABAer-
gic neurons was provided from reports of germ-line bdnf knockouts showing a reduced 
expression of calcium binding proteins like calbindin and parvalbumin as well as neu-
ropeptide Y in GABAergic interneurons (Jones et al., 1994). Even in the absence of only 
one bdnf allele a reduction of GABAergic function was observed in bdnf heterozygous 
mice. This might be provoked by a decreased number of GABAergic terminals (Kohara et 
al., 2007) or by an impaired release of GABA (Abidin et al., 2008). Hence, BDNF signals 
via TrkB to modulate neuronal morphology and connectivity in inhibitory neurons.  
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On the contrary, TrkB signalling was not affected in excitatory neurons of the hippocam-
pus suggesting a BDNF-independent activation mechanism. In order to understand the 
molecular mechanisms underlying BDNF-independent TrkB signalling in excitatory neu-
rons a possible role of Neurotrophin-4 (NT-4) in activating the TrkB signalling in the ab-
sence of BDNF was analysed (Ip et al., 1992; Klein et al., 1992). NT-4 is identified as the 
fourth mammalian member of neurotrophin family (Berkemeier et al., 1991; Hallböök et 
al., 1991). NT-4 mRNA and protein are localised throughout the brain (Altar et al., 1994; 
Friedman et al., 1998). While the expression patterns of NT-4 and BDNF are different and 
seem to be spatially and temporally restricted (Timmusk et al., 1993), NT-4 has been 
shown to play a role in promoting functional synapse formation in cultured hippocampal 
neurons in the absence of BDNF (Lessmann et al., 1994). However, scavenging of NT-4 
in BDNF-depleted primary hippocampal neurons by application of TrkB-Fc receptor bodies 
had no effect on the TrkB receptor activation indicating that NT-4 does not activate the 
TrkB receptor upon BDNF depletion. Indeed, prior findings show that the neuronal mor-
phology of excitatory neurons and its fine structure is not affected in the absence of both 
BDNF and NT-4 (Kellner et al., 2014, Remus, 2012). Moreover, NT-4 mRNA levels were 
not significantly altered in the hippocampus of 8 weeks old cbdnf knock-out mice (Raus-
kolb, 2008). Germ-line excision of nt-4 results in the only viable neurotrophin knockout 
strain that has no overt morphological and physiological defects except a loss of periph-
eral sensory neurons (Conover et al., 1995; Liu et al., 1995). Although BDNF and NT-4 
bind to the same Trk receptor it seems likely that they mediate different biological effects 
in the peripheral and central nervous system (Cohen-Cory and Fraser, 1995; McAllister et 
al., 1995; Riddle et al., 1995). Indeed, it has been demonstrated by Minichiello et al. 
(1998) that NT-4 and BDNF interact with the TrkB receptor in different ways by activating 
distinct signalling cascades and consequently affecting different aspects of synaptic func-
tion. Mice carrying a point mutation in the Shc binding region of the trkB gene exhibit a 
loss of NT-4 signalling without affecting BDNF responses (Minichiello et al., 1998). In sum, 
TrkB signalling in excitatory neurons of the hippocampus does not depend on BDNF and 
NT-4, implicating a neurotrophin-independent mechanism for the activation of the TrkB 
receptor. 
 
4.1.2 A neurotrophin-independent mechanism preserves TrkB signalling in excita-
tory pyramidal neurons and maintains their neuronal structure after loss of 
BDNF 
My observations that TrkB phosphorylation is maintained upon BDNF depletion in excita-
tory hippocampal neurons are in line with previous reports showing that TrkB receptor 
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activation is still present or even increased in the mossy fiber pathway after conditional 
deletion of bdnf or both a null mutation of NT-4 and deprivation of BDNF during epilepto-
genesis (He et al., 2004, 2006). Indeed, TrkB signalling can be induced by a neurotrophin-
independent transactivation mechanism. Specifically a zinc-induced, Src-family kinase 
(SFK)-dependent mechanism has been proposed to activate the TrkB receptor through 
phosphorylation of tyrosine residues. The divalent cation zinc is a biologically essential 
element for brain physiology from early neonatal development to adulthood (Prasad et al., 
1963; Frederickson et al., 2000; Maret and Sandstead, 2006). Zinc regulates gene ex-
pression, enzymatic activity, cell signalling and neurotransmitter release (reviewed in 
Gower-Winter and Levenson, 2012). The majority of zinc in the CNS is permanently 
bound to zinc-dependent enzymes and other proteins like transcription factors and metal-
lothioneins (Berg and Shi, 1996). But about 10 % of zinc in the brain is not ligand-
associated and is mostly localised within glutamatergic synaptic vesicles in the hippocam-
pus (Takeda, 2000; Franco-Pons et al., 2000) in the amygdala, the olfactory bulb and the 
cortex (Frederickson and Moncrieff, 1994; Frederickson et al., 2000). Little amounts are 
localised within GABAergic neurons (Wang et al., 2001).  
Free zinc is highly abundant in synaptic vesicles of mossy fiber terminals of the dentate 
gyrus granule cells (Perez-Clausell and Danscher, 1985), where it is co-released with glu-
tamate in an activity-dependent manner (Vogt et al., 2000; Qian and Noebels, 2005). In 
the postsynapse zinc activate indirectly Src-family kinases (SFK) by preventing C-terminal 
Src kinase (Csk) activity. SFK activity elicits the phosphorylation of tyrosine residues 
Y705/Y706 in the catalytic domain of the TrkB receptor which is of significance for the 
whole activity of the receptor, demonstrated by other tyrosine receptors like insulin recep-
tor β (Hubbard et al., 1994). For the activation of the insulin receptor β it was reported that 
in an unphosphorylated state tyrosine residues (homologues to Y705/706 of TrkB) within 
the flexible activation loop prevent the binding of ATP to the receptor and thereby its acti-
vation. Phosphorylation of these residues elicits a conformational change at the activation 
loop, thereby easing the accessibility of ATP and substrate binding. It is likely that phos-
phorylation of the tyrosines Y705/Y706 of TrkB has similar function as multiple reports 
describe a significant role for Y705/Y706 in the BDNF as well as zinc-induced activation of 
the TrkB receptor and their biological outcomes (Segal et al., 1996; Guiton et al., 1994, 
1995; Cunningham et al., 1997; Huang and McNamara, 2010). Segal and colleagues 
could show that phosphorylation of tyrosines in the catalytic domain of Trk receptors (TrkB 
receptor: Y705/760) precedes and facilitates the autophosphorylation of other tyrosine 
residues including Y515 and Y816. Full TrkB receptor activation mediates the activation of 
its downstream signalling cascades ERK / MAPK, PI3K and PLCγ (Huang et al, 2008; 
Huang and McNamara, 2010). Importantly, the extent of phosphorylation of Y705/Y706 
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corresponds to the level of tyrosine kinase activity (Segal et al, 1996). The zinc-induced 
SFK-dependent phosphorylation of TrkB could be able to maintain the neuronal structure 
and spine density of excitatory hippocampal neurons after BDNF depletion. Indeed, chela-
tion of zinc in the early postnatal development reduces the dendritic complexity of primary 
hippocampal neurons (Remus, 2012). Interestingly, TrkB receptor signalling plays an im-
portant role. Lactational zinc deficiency results in impaired TrkB signalling demonstrated 
by its low phoshorylation levels. Furthermore, it could be shown that under these circum-
stances Src, was inhibited, implicating a Src-dependent mechanism in promoting the sur-
vival of hippocampal neurons in the neonatal development (Xu et al., 2011).  
Regarding TrkB receptor activation in primary hippocampal neurons after application of 
the agent CaEDTA no effect could be observed in this study. The presence of CaEDTA 
has been shown to chelate extracellular zinc secreted from glutamatergic synaptic vesi-
cles but also intravescicular zinc in vivo and in vitro (Frederickson et al., 2000, 2002). Ad-
ditionally, TrkB signalling was also not affected by both depleting BDNF and removing 
zinc from primary hippocampal neurons. This is probably due to the experimental protocol 
as the extracellular chelator CaEDTA was applied only once 24h after the preparation of 
hippocampal neurons and TrkB receptor activation was analysed 3 weeks later. This was 
done because multiple application of the chelator agent CaEDTA led to death of primary 
neurons possibly due to the general function of CaEDTA as a chelator of divalent cations, 
resulting in the removal of essential cations like iron, copper and magnesium that promote 
several biological functions in the brain including regulation of enzymatic activity as well 
as activating neurotransmitter receptors and controlling ion channels, (Lee et al., 2001; 
Takeda, 2004). Possibly due to the one time application of CaEDTA free zinc from intra-
cellular compartments might have been filled anew into synaptic vesicles by the zinc 
transporter 3 (ZnT3) (Palmiter et al., 1996). In particular ZnT3 is important for the neuronal 
zinc regulation and it also ensures that free zinc is accumulated in glutamate-containing 
vesicles detected in the hippocampus and cortex (Lee et al., 2011).  
To gain further insights into the TrkB receptor activation in BDNF-depleted excitatory neu-
rons by a zinc-induced SFK dependent mechanism a Src family-selective tyrosine kinase 
inhibitor PP1 and its analogue PP2 (Hanke et al., 1996) were applied to primary hippo-
campal cultures. Inhibition of SFK by application of PP1 revealed that TrkB signalling is 
only affected in combination with loss of BDNF. Furthermore, inhibition of SFK led to a 
mildly impaired neuronal architecture in primary excitatory hippocampal neurons whereby 
the reduction of the total dendritic complexity was slightly higher in the absence of BDNF 
than in presence of this neurotrophin. However, dendritic spine density was significantly 
reduced in both conditions by SFK inhibition alone and in combination with BDNF deple-
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tion. These findings suggest that in the absence of BDNF zinc is able to compensate 
BDNF function by promoting the transactivation of TrkB via the phosphorylation of tyrosine 
residues Y705/Y706 by SFK.  
A zinc-mediated transactivation of TrkB by a SFK dependent mechanism was previously 
described by Huang and McNamara (2010) showing that exogenous zinc application pro-
motes the activation of the TrkB receptor by phosphorylation of tyrosine residues 
Y705/Y706 and elicits an increased SFK activity. Accordingly, my observations showed a 
reduction in TrkB receptor activation by inhibition of SFK upon BDNF depletion. Inhibition 
of SFK alone exhibited no alterations in the phosphorylation of Y705/Y706. The discrep-
ancies could be explained by the different experimental designs and culture systems. Ad-
ditionally Huang and McNamara (2010) showed in their study that the SFK inhibitors act in 
a concentration- as well as time-dependent manner. In the current work the inhibition of 
SFK in primary hippocampal cultures took place early during postnatal development (first 
application 24h after preparation) and over 21 days in vitro. In the study of Huang and 
McNamara the SFK inhibitors were applied to 14 days old primary cortical cultures over a 
time period ranging from 15 min to 60 min. Due to the fact that in my study SFK was inhib-
ited early in the postnatal development it could be possible that its function in TrkB recep-
tor activation could be compensated which might be not the case by an acute inhibition. 
Although TrkB signalling was not affected, a mild reduction of the dendritic complexity and 
dendritic spine density could be observed after inhibition of SFK. The two SFK family 
members Src and Fyn are highly expressed in hippocampal neurons (Ross et al., 1988; 
Stein et al., 1994) and are associated to TrkB (Iwasaki et al, 1998; Huang and McNamara, 
2010). The SFK inhibitor PP1 used in this study was originally described as a selective 
ATP-competitive inhibitor of Src family kinases (Karni et al., 2003) but it doesn't specifi-
cally distinguish between the different members of the family and other protein tyrosine 
kinases. For instance, epidermal growth factor receptor signalling (EGFR) (Puehringer et 
al., 2013) or platelet-derived growth factor (PDGF) receptor tyrosine kinase are sup-
pressed by PP1. Thus it is likely that the neuronal structure might be slightly impaired but 
not TrkB signalling due to the non-specific inactivation of protein tyrosine kinases or 
members of the SFK which are not involved in the transactivation mechanism of the TrkB 
receptor. 
The decreased spine density observed after inhibition could be explained by the fact that 
members of the SFK- Src, Lck, Lyn, and Yes- are localised at the postsynaptic density 
(PSD) whereby Src, Lyn and Yes are found to be associated with the scaffolding protein 
PSD-95 (Kalia and Salter, 2003). Especially Src and Fyn are essential for synaptic trans-
mission and plasticity at excitatory synapses (Kalia and Salter, 2003) via the regulation of 
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NMDA receptor activity and other ion channels. Additionally both are involved in the 
modulation of cytoskeletal stabilising proteins such as RHO-family GTPases to control the 
spinoskeletal structure and ensuring long-term spine stability (reviewed in Koleske, 2013). 
Concluding that inhibition of SFK, one the one hand prevents PSD-95 clustering and on 
the other hand elicits the destabilisation of dendritic spines whereby both result in the 
elimination of dendritic spines (Morita et al., 2006; Babus et al., 2011). 
Application of the SFK inhibitor analogue PP2 showed no impairment of the TrkB receptor 
activation as compared with PP1 indicating that the inhibitors PP1 and PP2 might exert 
different functions or have different inhibitory efficacy with respect to TrkB activation. On 
the other hand, both inhibitors show similar inhibition profiles for Src and Fyn (Hanke et 
al., 1996; Iwasaki et al, 1998). In contrast to my findings Huang and McNamara (2010) 
reported a similar effect of PP2 in primary cortical neurons as shown for PP1 but this 
could be explained e.g. by different experimental designs and/or culture systems. 
In the absence of BDNF TrkB receptor activation in excitatory pyramidal neurons occurs 
by a neurotrophin-independent transactivation mechanism mediated by a zinc-induced 
Src family kinases (SFK) activity. Inhibition of SFK revealed a cooperation between zinc 
and BDNF in regulating dendritic spine density and partially dendritic complexity. As 
transactivation of TrkB by zinc-induced SFK activity only took place in absence of BDNF, 
suggesting that BDNF and zinc are redundant in their function. 
 
4.1.3 BDNF-TrkB signalling is required for the modulation of the neuronal struc-
ture and dendritic spines density of granule cells in the dentate gyrus 
While it was demonstrated that hippocampal pyramidal neurons maintain their neuronal 
structure independently from BDNF-TrkB signalling this is different for granule cells of the 
dentate gyrus (DG). The dentate gyrus is of special interest in this work because it is one 
of the regions where BDNF protein expression is among the highest in the adult brain (Ni-
buya et al., 1995; Berchtold et al., 1999; Conner et al., 1997; Yan et al., 1997). The results 
described here show that global excision of BDNF throughout the CNS results in a dra-
matic impairment of the neuronal structure of dentate gyrus granule cells ex vivo. The 
conditional bdnf knockout mice exhibited in the DG a reduced dendritic complexity as well 
as a reduced density of dendritic spines. This reduction is due to an impaired TrkB signal-
ling as depletion of BDNF in primary hippocampal cultures resulted in a reduced TrkB 
receptor activation in dentate granule cells. These findings are also consistent with previ-
ous reports in which BDNF plays a crucial role in regulating the dendritic arborisation of 
excitatory neurons in the DG during postnatal development (Danzer et al., 2002; Tolwania 
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et al., 2002; Gao et al., 2009). This modulatory role of BDNF in dentate granule cells is 
attributed by its specific tyrosine kinase receptor TrkB proven by the fact that the structural 
changes are prevented by the tyrosine kinase inhibitor K252a (Danzer et al., 2002; 2007). 
In addition, the TrkB receptor exhibits a similar expression pattern in the DG like its proto-
typic ligand BDNF (Barbacid, 1994).  
Depletion of BDNF in vitro in primary hippocampal cultures showed only a mild reduction 
in spine density in granule cells although TrkB receptor activation in these cells was de-
creased. One explanation could be that the depletion of BDNF in primary hippocampal 
neurons is not complete as shown in this work by immunohistochemistry and BDNF-
specific ELISA (Figure 3-1). It is possible that the remaining little amounts of BDNF might 
partially rescue the neuronal morphology of dentate granule cells. Already prior reports 
showed that the culture condition could influence the expression level of BDNF as well as 
the cellular responses to BDNF (Chapleau et al., 2008). Additionally previous studies im-
plicated the role of BDNF-TrkB signalling in the context of neurogenesis and dendrite 
growth of adult-born dentate gyrus granule cells in adult hippocampus (Lee et al., 2002; 
Rossi et al., 2006; Bergami et al., 2008; Waterhouse et al., 2012). Thus it is also likely that 
impairments observed in the neuronal structure ex vivo can be explained by the fact that 
analysed cells comprised a higher amount of adult-born dentate gyrus granule cells than 
those analysed in primary hippocampal cultures in vitro. Dentate gyrus granule cells re-
quire BDNF-TrkB signalling for the modulation of their neuronal structure and connectivity. 
Possibly, the adult-born dentate gyrus granule cells are more sensitive concerning altera-
tions of BDNF-TrkB signalling rather than the already existing ones.  
 
4.2 Facts of gain-of-function based on elevated activity-dependent secretion of 
BDNF  
An increased concentration of BDNF has been suggested to elicit negative consequences 
on brain function by increasing seizure susceptibility or by impairing long-term memory 
maintenance (reviewed in Cunha, 2010). A variety of stimuli including hormonal changes, 
activity-induced upregulation or diseases like seizures may increase the expression of 
BDNF mRNA and protein by a positive feedback loop leading to a chronic elevation of 
BDNF (reviewed in Binder et al., 2001). Changes in presynaptic mechanisms may alter 
the probability of BDNF containing dense core vesicle exocytosis. Indeed, lack of either 
the trafficking protein Synaptotagmin IV (SytIV) or the scaffolding protein Bassoon (Bsn) 
results in a dysregulation of BDNF release leading to an elevation of BDNF (Dean et al., 
2009; Heyden et al., 2011). In Bassoon mutant mice elevated BDNF is suggested to be 
involved in the observed enlargement of forebrain structures like the hippocampus (Hey-
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den et al., 2011). In addition, Bassoon knockout mice suffer from epileptic seizures possi-
bly due to the excess of BDNF (Heyden et al., 2011; Dieni et al., 2012). Indeed, in this 
study it has been shown that hippocampal acute slices of Bassoon mutant mice already 
revealed an enhanced BDNF secretion under baseline condition accompanied by a 
stronger increase after stimulation (Figure 3-16). On the contrary, Synaptotagmin IV 
knockout mice show no obvious morphological phenotype but the SytIV mutation leads to 
impairments in cognitive function (Ferguson et al., 2000, 2004). Ferguson et al. (2000, 
2004) demonstrated that SytIV, originally identified as an immediate early gene that is 
upregulated following neuronal depolarisation (Vician et al., 1995), is involved in modulat-
ing synaptic plasticity and memory processes. Dean et al. (2009) showed in vitro that 
SytIV mutation caused an increased exocytosis of BDNF containing dense core vesicles 
in response to neuronal activity. In this thesis only the SytIV ko mice were used as means 
for the purpose to examine the influence of an activity-dependent increase in BDNF secre-
tion in vivo, representing an activity-dependent gain-of-function phenotype. 
 
4.2.1 Activity-dependent increase in BDNF elicits deficits in spatial learning and 
memory as well as activity-dependent synaptic plasticity  
Memory formation is considered to rely upon changes in synaptic transmission efficacy 
like LTP (Barnes, 1995) and LTD (Ito, 1989) accompanied by long-term structural altera-
tions at synapses such as formation as well as elimination of pre-existing synapses 
(Holtmaat and Svoboda, 2006; Yu and Zuo, 2011). BDNF is critical in the acquisition and 
maintenance of learning and memory functions (Yamada et al., 2002a; Bekinschtein et al., 
2008; Bramham and Messaoudi, 2005; Kuipers and Bramham, 2006) by regulating differ-
ent forms of synaptic plasticity (Lo, 1995; Thoenen, 1995). Reduced genetic expression of 
BDNF in mice leads to deficits in hippocampal-dependent learning and memory ((Linnars-
son et al., 1997; Gorski et al. 2003; Monteggia et al. 2004). Genetically enhanced expres-
sion of BDNF results in impaired cognitive function as well (Croll et al., 1999; Cunha et al,. 
2009). Thus, growing evidence indicates that there is a tight correlation between BDNF 
expression and learning and memory function (Ma et al., 1998; Kesslak et al., 1998). In-
deed, genetic mutations leading to either excess or insufficient BDNF levels have detri-
mental effects on cognitive function within different brain regions (Gorski et al., 2003; 
Monteggia et al., 2004; Chen et al., 2006; Govindarajan et al., 2006; Cunha et al., 2009). 
Synaptotagmin IV knockout mice which showed an activity-dependent elevated secretion 
of BDNF (Dean et al., 2009) exhibited in my study deficits in hippocampus-dependent 
spatial learning as well as in memory consolidation in the MWM. Previous reports already 
showed an involvement of SytIV in synaptic plasticity and memory by an impaired freezing 
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of SytIV mutant mice in the contextual fear conditioning (Ferguson et al., 2000, 2004). 
Interestingly, SytIV knockout mice showed similar memory acquisition like wildtype ani-
mals with respect to the classical parameters like escape latency and total distance trav-
elled until the fourth day of training. However, at the end of the acquisition phase mutant 
mice had severe deficits in locating the hidden platform or in forming a reference memory. 
These defects at the end of the training period lead to the assumption that the SytIV 
knockout mice were able to learn the platform position but could not consolidate this in-
formation. Considering these findings, one explanation could be that at the initial phase of 
memory acquisition the activity-dependent increased BDNF secretion might preserve 
learning and memory function but the elevated BDNF concentration at the end might elicit 
a dysregulation of memory processes particularly in hippocampal function, a structure 
known to be involved in the memory acquisition and storage (Kim and Fanselow, 1992; 
Frankland et al., 1998). The disruption of hippocampal function was demonstrated in this 
study by a higher contribution of the less efficient hippocampus-independent strategies 
particularly at the end of the acquisition phase. The evoked disruption of hippocampal 
function by the SytIV mutation, particularly in the post-acquisition phase, leads to the ar-
gumentation that SytIV might be an issue in stabilising memories after they are already 
initially established (Ferguson et al., 2000). Indeed, SytIV is an immediate early gene and 
its expression is regulated upon neuronal activity by the cAMP response element-binding 
protein (CREB) (Vician et al., 1995; Ferguson et al., 2000). CREB is an essential tran-
scription factor and important for learning and memory processes especially during the 
consolidation of long-term memory (Dash et al., 1990; Bourtchuladze et al., 1994; Yin et 
al., 1994; Bartsch et al., 1995; Impey et al., 1998). Disruption of CREB (Bourtchuladze et 
al., 1994) or overexpression of a mutant CREB in the hippocampus to inactivate CREB 
activity (Brightwell et al., 2005) leads to dramatic deficiencies in long-term memory sug-
gesting that CREB regulated genes are implicated to be involved in the molecular mecha-
nism underlying long-term memory. SytIV may function as CREB regulated gene which 
can rapidly elicit plasticity-related changes on the synapse in response to neuronal activity 
(Frank and Greenberg 1994; Ferguson et al., 1999). 
However also the resulting activity-induced increased BDNF secretion described in SytIV 
mutants might cause these impairments in cognitive function by influencing CREB activity. 
Already previous studies demonstrated that long-term memory is related to learning-
induced alterations in CREB activity (Bernabeu et al., 1997; O'Connell et al., 2000; Stan-
ciu et al., 2001; Mizuno et al., 2002). In this context BDNF has been shown to promote the 
activation of CREB (Mayr and Montminy, 2001) and is thereby able to regulate its own 
expression (reviewed in West et al., 2002). Thus it is likely that activity-induced elevated 
secretion of BDNF in SytIV mutants might lead to an enhanced CREB phosphoryla-
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tion/activity resulting in a chronic activation of plasticity-related signalling pathways which 
could further induce a positive feedback loop resulting in an increased BDNF expression. 
The chronic activation of plasticity-related signalling pathways may disrupt memory forma-
tion by increasing the random intrinsic electrical fluctuations within neuronal networks 
(neuronal noise), resulting in a decreased signal-to-noise ratio as well as reduced neu-
ronal network specificity (Migaud et al. 1998; Winter and Weinberger, 2004). This was 
previously shown by Viosca et al. (2009) demonstrating that expression of a constitutively 
active CREB in mice exhibits state-dependent memory deficits in the MWM paradigm. 
On the other hand the activity-evoked increased BDNF secretion in SytIV ko mice might 
elicit deficits in spatial learning and memory by influencing learning-induced structural 
plasticity processes. In general activity as well as experience have been shown to evoke 
alterations in the density but also in the shape of dendritic spines (reviewed in Markham 
and Greenough, 2004). These activity-dependent structural changes of dendritic spines 
including formation of new spines accompanied by an elimination or enlargement of pre-
existing ones are related to learning and memory processes (Holtmaat and Svoboda, 
2009; O’Malley et al., 2000; Xu et al., 2009; Yang et al., 2009a). In this context BDNF-
TrkB signalling is known to be involved in activity-dependent synaptic plasticity modulating 
the neuronal function and the arrangement of neuronal networks by promoting dendritic 
spine remodelling, but also spine stabilisation (Jin et al., 2003; Poo, 2001; Tanaka et al., 
2008). Induced structural changes in response to neuronal activity depend on the modula-
tion of the actin dynamics within dendritic spines (Cingolani and Goda, 2008; Fukazawa et 
al., 2003; Krucker et al., 2000; Lin et al., 2005). Filamentous actin builds the main feature 
of the cytoskeleton by its high abundance within spines (Fifková and Delay, 1982; Matus 
et al., 1982). BDNF is also involved in promoting actin dynamics by the regulation of actin 
regulatory binding as well as cytoskeleton associated proteins (Bramham, 2008; Mes-
saoudi et al., 2002, 2007; Rex et al., 2007; Schratt et al., 2004). Additionally BDNF re-
duces the phosphorylation of ADF/cofilin, which is associated with increased spine size 
and stability (Gehler et al., 2004; reviewed in Koleske, 2013; Yasuda et al., 2006).  
In contrast to untrained SytIV ko mice showed trained mice mild alterations in the neu-
ronal structure but not in the density of dendritic spines of both cortical and hippocampal 
pyramidal neurons upon spatial learning in the MWM (Figure 3-11). Particularly looking at 
regions requiring BDNF for maintaining their neuronal structure (Rauskolb et al., 2010; 
Figure 3-5), dentate gyrus granule cells exhibited a minor non-significant decrease in the 
dendritic complexity and striatal MSN showed a slight reduction in the density of the den-
dritic spines (Figure 3-11). Thus it is likely that the maintenance of newly formed spines 
acquired during spatial learning performance was prevented. Both, the formation and 
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elimination of dendritic spines are correlated with long-lasting synaptic remodelling in or-
der to stabilise neuronal connections (Xu et al., 2009). In particular BDNF is implicated to 
promote dendritic spine stabilisation by modulating actin regulatory proteins (Messaoudi et 
al., 2002, 2007; Rex et al., 2007). Also the role of BDNF in regulating microtubule target-
ing is important in the context of spine stabilisation (Gu et al. 2008; Jaworski et al., 2009; 
Hu et al., 2011). Microtubule dynamics, particularly the recruitment of microtubules into 
dendritic spines lead to spine head enlargement and an increased amount of filamentous 
actin accompanied by the stabilisation of dendritic spines (Jaworski et al., 2009; Hu et al., 
2011). Elevated BDNF expression has been demonstrated to evoke a destabilisation of 
dendritic spines in pyramidal neurons of organotypic slice cultures from visual cortex, as-
suming that local dendritic instability, induced by BDNF, facilitates activity-dependent 
structural changes within dendritic spines (Horch et al. 1999; Horch & Katz, 2002). Thus 
based on this knowledge reflected with my observations it might be possible that the activ-
ity-dependent elevation in BDNF concentration evoked by spatial learning leads to a de-
stabilisation of the dendritic structures which preserves the ability to learn but prevents the 
memory retention. In particular learning-evoked elevation of BDNF might lead to a con-
stant rearrangement of the actin cytoskeleton within the dendritic spines and therefore 
prevents the maintenance and stabilisation of newly formed spines. Additionally, in-
creased BDNF might influence microtubule dynamics resulting in the inhibition of micro-
tubules invasion into the spines preventing spine maintenance.  
Regarding the mildly altered dendritic structure it is also likely that the elevation of BDNF 
is too low to induce robust changes in dendrites and dendritic spines. Indeed, axonal 
sprouting and formation of basal dendrites in dentate gyrus granule cells have been de-
scribed in vitro by overexpression of BDNF (Danzer et al., 2002) and in vivo in animal 
models of epilepsy (Spigelman et al., 1998; Buckmaster and Dudek, 1999; Ribak et al., 
2000). In mice during epileptogenesis the BDNF content within the dentate gyrus in-
creased approximately 300-400 % of control (Nawa et al., 1995; Cunha, 2009). On the 
other hand, marginal increase of BDNF in transgenic mice (132 % of control) (Croll et al., 
1999) did not affect axonal sprouting (Qiao et al., 2001). In this study the BDNF concen-
tration in the cortex increased approximately 141 % of control after activity-dependent 
spatial learning. Nevertheless, it can be assumed that in the hippocampus the concentra-
tion of BDNF will be much higher than in the cortex like already shown in the work of Croll 
et al. (1999).  
Under sedentary standard housing conditions SytIV knockout mice exhibited no morpho-
logical alterations except in the layer II/III region of the cerebral cortex. Here the complex-
ity of both apical and basal dendrites was significantly reduced. This can be explained by 
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a reduced BDNF secretion observed in sedentary SytIV ko mice (Figure 3-15).These find-
ings are comparable to reports demonstrating that reduced genetic expression of BDNF 
(Emx-bdnf ko mice) exhibited significant reduction of basal dendritic complexity in layer 
II/III pyramidal neurons (Gorski et al., 2003) and a mild decrease in apical dendrites (Re-
mus, 2012).  
 
4.2.1.1 Physical activity restored mild LTP deficits of Synaptotamin IV knockout 
mice in the hippocampal CA1 region  
BDNF-TrkB signalling has been shown to be essential for different forms of synaptic plas-
ticity like long-term potentiation (LTP), which is proposed to underlie learning and memory 
(Korte, 1998; Rutherford et al., 1998; Kafitz et al., 1999; McAllister et al., 1999; Lu et al., 
2005; Gottmann et al., 2009). Mice lacking BDNF exhibited reduced LTP in the hippo-
campal CA1 region (Korte et al., 1995), but this impairment could be rescued by either 
adenoviral gene transfer to overexpress BDNF or bath application of recombinant BDNF 
(Korte et al., 1996; Patterson et al., 1996). Even a number of laboratories could demon-
strate that BDNF is also involved in short-term synaptic function including processes like 
paired-pulse facilitation (PPF) (Patterson et al., 1996; Stoop and Poo, 1996; Gottschalk et 
al., 1998). Furthermore, BDNF demonstrated a rapid enhancement of basal synaptic 
transmission at Schaffer collateral – CA1 synapses of adult hippocampal slices (Kang and 
Schuman, 1995, 1996; Kang et al., 1997).  
In SytIV mutant mice LTP recordings revealed a mildly reduced LTP in the hippocampal 
CA1 region which was only observed in sedentary animals. This reduction in LTP might 
be correlated with a reduced secretion of BDNF observed in sedentary SytIV mutant mice 
(Figure 3-15). However these results are in contrast to the study from Dean et al. (2009) 
showing an increased LTP in SytIV mutant mice. The discrepancies may reflect differ-
ences in the experimental procedure. Dean et al. (2009) used simultaneous field-potential 
recording and voltage imaging (Chang and Jackson, 2006) whereby LTP was determined 
by differences in optical signal amplitudes before and after LTP induction. To detect dif-
ferences in LTP between SytIV ko and wildtype mice in this study extracellular recordings 
of field potential were performed.  
As a gain-of-function model SytIV ko mice showed an enhanced secretion of BDNF in-
duced upon neuronal activity, like previously reported by Dean et al. (2009) in vitro. To 
evoke this enhanced BDNF secretion SytIV mutant as well as wildtype mice were exer-
cised in the running wheel. Generally, physical activity in particular wheel running is able 
to manipulate neural plasticity through an increased activation of cellular signalling cas-
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cades accompanied by higher neuronal survival (Chen and Russo-Neustadt, 2005), neu-
rogenesis (van Praag et al. 1999) but also through changes in synaptic function. Running 
activity leads to a substantial increase in BDNF and NMDA receptor activity in the hippo-
campus (Vaynman et al., 2003; 2004; Nepper et al., 1995, 1996; Adlard et al., 2004, 2005; 
Berchtold et al., 2005; Cotman et al., 2007). Interestingly, LTP recordings from hippocam-
pal CA1 area revealed no differences among running and sedentary mice (van Praag et 
al. 1999b; Zagaar et al., 2011). This is consistent with my results where exercised wild-
type mice housing with free access to running wheels exhibited no enhanced LTP. Basal 
synaptic transmission as well as PPF was not altered in running wildtype mice. However, 
physical activity has been shown to enhance basal synaptic transmission, which could be 
correlated to an elevation of BDNF (Zagaar et al., 2011, 2013; Zhu and Roper, 2001). 
SytIV mutant mice exhibited a slightly increased BDNF concentration after physical activ-
ity in the running wheel. Running activity restored reduced LTP shown above in sedentary 
SytIV mutant mice which is probably correlated to this activity-dependent increase of 
BDNF (Figure 3-15). The response to the evoked LTP in the hippocampal CA1 area was 
similar in magnitude as in wildtypes which is consistent to previous studies on BDNF 
transgenic mice (BDNF overexpressing mice; Croll et al., 1999). However, Croll et al. 
(1999) showed additionally that the induction of LTP in BDNF transgenic mice was not as 
consistently as in wildtype mice. Nevertheless, BDNF transgenic mice exhibited an en-
hanced excitability shown by increased paired-pulse facilitation (PPF) and elevated basal 
synaptic transmission during a tetanic stimulation Croll et al. (1999). In my study there 
was no sign of enhanced excitability observable in SytIV knockout mice. Also no pheno-
type was observed by the examination of paired-pulse facilitation in both sedentary and 
running SytIV mutant mice. Albeit only mild alterations could be detected in basal synaptic 
transmission which were restored after exercise. The observed effects support more find-
ings e.g. that voluntary exercises are able to rescue or at least to improve LTP deficits 
under conditions of homeostatic perturbations due to aging or disease (Li et al., 2008; Liu 
et al., 2011; Dao et al., 2013) and not as expected like a BDNF gain-of-function model 
showing an enhanced excitability (Dean et al., 2009; Wong et al., 2015). One possible 
explanation for the contradictory findings could be that the elevation of BDNF is too low to 
evoke robust changes in excitation.  
The discrepancies obtained may reflect differences in the experimental procedure. For 
instance Zagaar et al. (2011, 2013) used in their studies 7 weeks old Wistar rats which 
were trained by forced treadmill exercises for a total of 4 weeks. In this study 8 weeks old 
transgenic mice were used with free access to running wheels over a period of 4 weeks. It 
might be possible that the two species differ in their BDNF expression during physical 
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activity. Zagaar et al. (2011) used a forced exercise protocol where exercise intensity, 
duration, as well as timing were controlled. Additionally the mice received a mild electrical 
shock for motivational issues. In my experiments the mice had the opportunity to decide if 
they wanted to run in the wheel or not which might result in a low average running dis-
tance and less time spent in the running wheel and would explain the observed slight in-
crease of BDNF after 4 weeks of wheel running. As already Johnson et al. (2003) demon-
strated, there is strong correlation between the running distance and the elevation in hip-
pocampal BDNF. Hence it is likely that the BDNF expression is higher in the work of Za-
gaar et al. (2011) than in my study.  
A gender- as well as a mouse strain-specific effect could also not be excluded. Looking at 
the gender the rescue effect shown in exercised SytIV knockout mice was more pro-
nounced in male mutant animals compared to females. However, presynaptic function 
was not affected in both female and male SytIV knockout mice. This could be explained 
by the reproductive hormone oestrogen which is implicated in the regulation of BDNF ex-
pression via an oestrogen-sensitive response element on the bdnf gene (Sohrabji et al., 
1995). Genetic excision of BDNF exhibits gender differences in mice especially for loco-
motor activity, stress as well as anxiety- and depression-like behaviour (Monteggia et al. 
2007; Autry et al. 2009). Hippocampal BDNF levels vary across the oestrous cycle ac-
companied by neurophysiologic responses (Scharfman et al., 2003). Interestingly, the 
degree of voluntary physical activity has been shown to depend on oestrogen as well 
(Berchtold et al., 2001). Regarding a mouse strain-specific effect examination of voluntary 
running performance in different inbred mouse strains illustrated large differences in the 
training response including running distance, duration and speed, depending on the ge-
netic and phenotypic variation among inbred mouse strains (Lerman et al., 2002; Massett 
and Berk, 2004). This leads to the suggestion that the genetic background might be tightly 
correlated with the behavioural performance during exercise.  
 
4.3 Genetic characteristics of inbred mouse strains influence behavioural per-
formance and synaptic plasticity  
The current knowledge about the molecular mechanisms underlying synaptic plasticity 
and behavioural aspects of learning and memory is derived from data provided by geneti-
cally modified mice (Chen and Tonegawa 1997; Mayford et al. 1995; Picciotto and Wick-
man 1998). Critical for the generation of genetically modified mice is the use of two inbred 
mouse strains whereby one strain is crucial for supplying a viable background ensuring 
the breeding and survival. Stem cells for genetic manipulations are usually provided from 
another strain (Hogan et al., 1994). Previous studies from genetically modified mice dem-
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onstrated that the observed behavioural and electrophysiological variations in these mice 
might be influenced by the genetic and phenotypic characteristics of the inbred mouse 
strains (Silva et al., 1997; Crawley et al., 1997; Nguyen et al., 2000 a, b). In addition these 
studies have also revealed that hippocampal synaptic physiology is correlated with hippo-
campus-dependent learning and memory.  
In this study two different inbred mouse strains were used. On the one hand C57Bl/6 mice 
and on the other hand Sv/129 mice which showed clear differences in spatial learning 
behaviour and synaptic plasticity, particularly long-term potentiation in the hippocampal 
CA1 region. Although no obvious deficits in the spatial learning were detected, demon-
strated by equal success to locate the hidden platform during MWM training, detailed 
analysis revealed differences in the performing behaviour like swim speed or average 
distance travelled. C57Bl/6 mice swam faster and longer distances, than Sv/129 mice 
which swam shorter distances by a slower swim speed. Further examinations of the 
searching behaviour showed that Sv/129 mice used less hippocampus-dependent strate-
gies to locate the hidden platform than C57Bl/6 mice. Here, consistent with findings in the 
literature (Bampton et al., 1999; Matsuyama et al., 1997; Nguyen et al., 2000), also my 
results demonstrated that differences in hippocampal dependent learning can be corre-
lated with alterations in hippocampal synaptic plasticity in the CA1 region. Sv/129 mice 
showed a less robust induction and maintenance of LTP than in C57Bl/6 mice, demon-
strated by lower fEPSP slope values and a weaker post tetanic potentiation after TBS. 
Interestingly, Nguyen et al. (2000 a, b) showed in their study that the hippocampal LTP is 
not only influenced by the genetic background but also by the temporal pattern of synaptic 
stimulation. In slices from 129/SvEms/J mice repeated stimulation using 3 s interburst 
intervals resulted in an enhanced induction as well as maintenance of LTP. However, fol-
lowing a stimulation with a 20 s interburst interval showed a less robust induction and 
maintenance of LTP. On the contrary C57Bl/6J exhibited no alterations in the induction or 
maintenance of LTP by changes in the interburst interval (Nguyen et al., 2000 a, b). In this 
work LTP was induced by theta-burst stimulation using a 200 ms interburst interval. Thus 
it is also likely that the alteration in LTP induction and maintenance observed in Sv/129 
mice could be attributed to the interburst interval and not only to the genetic background. 
Variations in the behavioural performance of transgenic mice not only differ because of 
variation among genetic background but are also influenced by the choice of ES line used 
to create genetically modified mice (Montkowski et al., 1997). Supported by my results it 
should be considered that mice of various inbred strains differ in their performance of hip-
pocampus-dependent learning tasks and in hippocampal LTP. 
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4.4 Conclusion and outlook 
In this study it could be demonstrated that BDNF-TrkB signalling is crucial for modulating 
neuronal morphology and connectivity in inhibitory neurons (Remus, 2012). In excitatory 
pyramidal neurons TrkB receptor activation is independent of its neurotrophic ligands 
BDNF and NT-4 but rather occurs through transactivation events mediated by a zinc-
induced Src family kinases (SFK) dependent mechanism. In this context TrkB receptor 
transactivation by zinc-induced SFK activity only appears in absence of BDNF, suggesting 
a compensatory role of zinc. Albeit inhibition of SFK demonstrated that the regulation of 
dendritic spine density and partially dendritic complexity might be accomplished by a co-
operation of zinc and BDNF. However, the data obtained were derived from in vitro ex-
periments on primary hippocampal neurons. To confirm whether the observed selective 
requirement of BDNF-TrkB signalling is restricted to inhibitory neurons not only in vitro but 
also in vivo examination of TrkB receptor activation quantified by measuring the fluores-
cent intensity of phosphorylated TrkB in microtome slices of age-matched cbdnf knockout 
mice should be performed. Another possibility would be the investigation of BDNF-TrkB 
signalling in GAD65-eGFP transgenic mice (Lopez-Bendito et al., 2004) crossed with 
cbdnf knockout mice to visualise BDNF deprived GABAergic neurons throughout the CNS 
(Fukuda et al., 1997). The TrkB signalling in vivo should not only be examined in inhibitory 
neurons but additionally also in excitatory neurons whereby it would be also interesting to 
extent the analysis to other forebrain regions like the cerebral cortex. Particularly the 
transactivation of TrkB mediated by zinc-induced SFK activity should be further investi-
gated as well as its consequences for the neuronal architecture. One possibility could be 
to prevent selectively TrkB kinase as well as SFK activity by treatment of adult TrkBF616A 
mice in vivo with a SFK inhibitor NMPP1 (Chen et al., 2005), as previously described by 
Huang and McNamara (2010). On the other hand the use of zinc-transporter-3 knockout 
mice (ZnT3) (Cole et al., 1999) or the application of zinc analogue could also help to get 
further knowledge about the molecular mechanism mediating zinc function in different 
brain regions or cell types. These manipulations of zinc function in combination with a 
downregulation of BDNF additionally give the opportunity to examine the selectivity of 
BDNF and zinc function. Specifically to give answers to the following questions: Why is 
BDNF important for the modulation of the neuronal morphology and spine density of in-
hibitory neurons as well as granule cells of the dentate gyrus but not zinc? On the con-
trary, why is zinc action crucial for regulating the neuronal structure of hippocampal py-
ramidal neurons, specifically since zinc is highly localised in synaptic vesicle of mossy 
fiber terminals of the dentate gyrus granule cells (Perez-Clausell and Danscher, 1985)?  
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Balance in the homeostasis of BDNF plays an important role for a healthy brain (reviewed 
in Cunha, 2010). Downregulation but also excess of BDNF has detrimental effects particu-
larly in view of synaptic plasticity as well as learning and memory processes. In regard to 
this, Synaptoatgmin IV knockout mice were used as a gain-of-function model to investi-
gate the influence of an activity-dependent elevation of BDNF on synaptic plasticity and 
spatial learning and memory. Activity dependent elevation of BDNF by performance of the 
MWM learning task led to deficits in spatial learning and memory retention, but also to an 
unexpected unaltered neuronal morphology and dendritic spine density, probably due to a 
missing stabilisation of neuronal networks. Hereby the increased BDNF content might 
lead to a constant rearrangement of the actin cytoskeleton within the spines and/or inhibi-
tion of microtubules invasion into the spines preventing the maintenance and stabilisation 
of spines. To confirm these suggestions it would be useful to investigate the actin as well 
as microtubule dynamics in SytIV mutant mice. For this purpose actin dynamics could be 
examined using FRAP (fluorescence recovery after photobleaching) experiments. Another 
opportunity would be performing time lapse imaging in organotypic slice cultures of SytIV 
mutant mice in order to analyse spine motility including monitoring of shrinkage or 
enlargement of dendritic spines during activity-dependent elevation of BDNF. The deter-
mination of the spine types before and after performance of spatial learning in the MWM 
might give insight into the observed memory deficits and the missing morphological phe-
notype. In addition microtubule dynamics could be investigated by implementing time 
lapse imaging of microtubule EB3-binding protein tagged with GFP (Stepanova et al., 
2003). 
Upon spatial learning in the MWM mild changes in the neuronal structure were detected in 
dentate gyrus granule cells as well as in striatal medium spiny neurons (MSN). Interest-
ingly both regions required BDNF-TrkB signalling for the regulation of their dendritic mor-
phology and connectivity. Thus it is likely that the SytIV mutation influences the neuronal 
architecture indirectly by activity-induced increase of BDNF in inhibitory neurons as well 
as in dentate gyrus granule cells, here accompanied by an enhanced neurogenesis. It 
needs to be further clarified whether BDNF-TrkB signalling as well as the neuronal archi-
tecture is affected in inhibitory neurons especially in other forebrain regions such the hip-
pocampus and the cerebral cortex. Therefore, primary cultures of SytIV knockout mice 
might be useful to determine the neuronal structure of inhibitory neurons by transfecting 
the cells with mApple and immunolabelling using antibodies against calbindin, a marker 
for inhibitory neurons. BDNF-TrkB signalling could also be examined on these cultures by 
performing parallel immunohistochemical stainings using antibodies against phospho-
TrkB (Y705/Y706). Another aspect would be the consequences of SytIV mutation in adult 
neurogenesis in dentate gyrus granule cells. It has been previously shown that an in-
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creased BDNF amount results in an increased neurogenesis of granule cells (van Praag 
et al., 1999; Scharfman et al., 2003). BrdU immunohistochemistry can be used as method 
for studying the development of the nervous system (reviewed in Taupin, 2007) and would 
also be a good tool to examine adult neurogenesis of SytIV mutant animals.  
Further it was demonstrated that sedentary SytIV mutant mice showed less robust induc-
tion and maintenance of LTP in the hippocampal CA1 region. Enhanced BDNF secretion 
evoked by physical activity in the running wheel restored LTP to control levels suggesting 
a tight correlation between activity-dependent synaptic plasticity and BDNF. It has been 
shown that physical activity accompanied by elevated BDNF content increased adult neu-
rogenesis in dentate granule cells and reduced the threshold of LTP induction in mossy 
fibers (van Praag et al., 1999; Farmer et al., 2004). Therefore it would be useful to exam-
ine mossy fiber LTP in SytIV mutant mice. Nevertheless, it cannot be excluded that some 
effects observed in this study regarding SytIV mutant mice are based on variations in the 
genetic background. Especially the spatial learning in the MWM as well as LTP recordings 
in the hippocampal CA1 region differ between various inbred mouse strains (Nguyen et 
al., 2000). To exclude a genetic background specific effect, experiments should be re-
peated with SytIV knockout mice derived from a C57Bl/6 background. 
Finally, it could be assumed that the described effects by the examination of SytIV knock-
out mice are tightly correlated with the concentration of BDNF as previously demonstrated 
(Croll et al., 1999; Cunha, 2009). Based on my results it is likely that the evoked elevation 
of BDNF in SytIV mutants is too low to induce robust changes which could explain the 
restricted effects in SytIV knockout mice in spatial learning but not in synaptic plasticity. 
Hence the SytIV ko mice are probably not the perfect model to study consequences of an 
increased BDNF concentration in the CNS. Alternative experiments might be repeated 
using Bassoon mutant mice which already showed typical signs of an increased BDNF 
expression or secretion like hyperexcitability elicited by a disturbed balance of excitation 
and inhibition leading to sporadic epileptic seizures (Heyden et al., 2011; Dieni et al., 
2012).  
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ZnT3 zinc transporter 3 
DANKSAGUNG 133 
 
 
DANKSAGUNG 
Eine wissenschaftliche Arbeit ist nie das Werk einer einzelnen Person, deshalb möchte 
ich mich an dieser Stelle bei allen Menschen bedanken, die mich bei der Erstellung mei-
ner Doktorarbeit unterstützt haben: 
Zu aller erst geht ein besonderer Dank an meinen Doktorvater Prof. Dr. Martin Korte für 
die großartige Möglichkeit meine Doktorarbeit in seiner Arbeitsgruppe anzufertigen und an 
interessanten und breit gefächerten Projekten mitarbeiten zu dürfen. 
Prof. Dr. Reinhard Köster danke ich für die Übernahme des Koreferates und Prof. Dr. Ro-
bert Hänsch für die Leitung der Promotionskommission. 
Ganz besonders möchte ich mich bei Dr. Marta Zagrebelsky bedanken, die mich mit ihrer 
großen fachlichen Kompetenz unterstützt und stets ein offenes Ohr für meine Anliegen 
und Fragen hatte. 
Dr. Kristin Michaelsen-Preusse und Dr. Gayane Grigoryan möchte ich danken für die ex-
perimentelle Unterstützung. 
Ein weiterer Dank gilt Dr. Martin Rothkegel und Tania Meßerschmidt. Durch euern enor-
men Erfahrungsreichtum und stetige Hilfsbereitschaft habt ihr mir geholfen so manches 
Problem zu überwinden und gezeigt, wie viel Spaß Biochemie machen kann ☺.  
Dank an Diane Mundil für ihre Hilfe in Sachen primärer Zellkultur sowie Heike Kessler und 
Carmen Wucherpfennig für die Unterstützung im Kampf gegen die Genotypisierungsflut.  
Nicht zu vergessen danke ich natürlich meinen Weggefährten und Mitstreitern in dieser 
Zeit: Susann Ludewig, Franziska Scharkowski, Dr. Ulrike Herrmann, Shirin Hosseini, Dr. 
Stefanie Schweinhuber, Dr. Sabine Zessin, Dr. Yves Kellner, Dr. Cristina Iobbi, Jan 
Kleveman, Niklas Lonnemann, Steffen Fricke und Jonas Feuge. Danke für die schöne 
Zeit und natürlich den wissenschaftlichen Austausch. Mein Dank gilt auch allen anderen 
Mitarbeiter der Arbeitsgruppe, die einem mit Rat und Tat zur Seite standen und immer für 
gute Laune im Arbeitsalltag gesorgt haben. 
Dr. Anita Remus und Dr. Marianna Beyer danke ich von ganzem Herzen für die tolle Zeit 
und die vielen lustigen Momente in unserem "Elfenpalast". Ich danke euch für eure un-
glaubliche Unterstützung, moralischen Beistand und liebevollen Aufmunterungen!  
Katha, Franzi, Jenny und Adina danke ich für die moralische Unterstützung, tolle freizeitli-
che Ablenkung und vor allem das ihr immer ein offenes Ohr hattet.  
Von ganzem Herzen danke ich meinen wundervollen Eltern, meinem Bruder und Familie 
für den Rückhalt und unermüdlichen Einsatz. DANKE, dass ihr immer für mich da seid !! 
